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ABLATIVE HEAT SHIELDS FOR PLANETARY ENTRIES - A TECHNOLOGY
REVIEW
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ABSTRACT: A review of ablation technology is carried out to
assess the present state of the art and point out areas in
which further research is required for planetary entry heat
shields. Analyses and test techniques which have been
developed to treat heat shields for Earth entry with combined
radiative and convective heating are reviewed. With the
lessons learned from Earth-entry research in mind, the work
carried out to date for entry into various planetary atmospheres
is reviewed and technological problem areas are discussed. In
defining significant phenomena, various mechanisms and
processes are discussed and their relative importance is
illustrated by describing the analysis of a manned planetary-
return Earth entry. In discussing the work to date on plane-
tary entry, two broad categories of research are considered:

(1) entry into tenuous atmospheres and (2) entry into the dense
atmospheres of Venus and the giant planets. In each of these
categories, atmospheric characteristics, entry velocities and
modes, vehicle geometries, heating levels and candidate abla-
tion materials are discussed. Present ground and flight-test
capabilities are summarized and compared with planetary entry
conditions. Particular attention is paid to coupled ablative-
radiative phenomena which require the radiation spectrum of the
facility to essentially duplicate that of the planetary
atmosphere under study.
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In August of 1957, The Army Ballistic Missile Agency
successfully reentered and recovexed an ablating nose cone for
a 1500-mile range IRBM, \l) and the practicality of the abla-
tive heat shield was demonstrated. In the succeeding 15 years,
the ablative heat shield has evolved from a dramatically new
concept to a proven, reliable and reagonably light-weight means
of protecting entry vehicles from aerodynamic heating. During
this time, ablation analyses have developed from simple steady-
state solutions which consisted basically of transpiration-
cooling theory with additional heat-absorption terms, to com-
plex computer codes which describe the transient, coupled, in-
depth response of a char-forming plastic to the heating from
radiating, chemically reacting shock layers and. boundary layers
This is not to say that all the significant problems in abla-
tion analyses have been solved. We shall see that there are
areas in which large uncertainties still exist and in which
much work remains to be done. None the less, the past decade
has produced great advances in ablation technology.

In the late 1950's, much research was carried out on
subliming and glassy ablators. Most analyses were steady-state
solutions since the bulk of the research was concerned with the
ballistic entry of vehicles having fairly high ballistic
coefficients (M/CpA) and entry heat pulses characterized by
high heating rates and short duration.

In the early 1960's the emphasis swung toward charring
ablators, and lower denslty materials began to be developed for
lower M/CDA manned entry vehicles. Much work was done on
transient, in-depth ablation anslyses. Military vehicles were
developed with higher and higher M/C 's. They penetrated
deeply into the atmosphere before decelerating and hence
thelr entries were characterized by extremely high
stagnation-point heating, high pressures, transitlon to
turbulent boundary layers, and high aerodynamic shears.

Manned vehicles, on the other hand, tended to low

M/CDA‘B and lifting entries to keep deceleration loads within
human tolerance levels. These vehlicles decelerated high in the
atmosphere and their entrles were characterized by low pres-
sures, low shears, laminar flow, modest heating rates, and
long duration.

The numbers in parentheses refer to the list of references
appended to this paper.
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Since the entry environments of these two classes of
vehicles are so different, two separate and quite different
areas of heat-shield techuology have developed. In the case of
high M/CDA vehicles, high-density materials {such as high
density nylon-phenoliec, graphite-phenolic, carbon-carbon
composites, and molded graphites) have been employed to resist
mechanical erosion of the ablator surface, and to keep
geometry change within reasonable bounds. In the case of manned
vehicles, the trend has been to lower density materials since
these materials provide superior insulating efficiency to
protect against the long heat-soak characteristic of lifting,
low M/CDA entries. Because of the low shears and pressures
assoclated with manned entries, it has been possible to develop
ablators having low densities but which produce char layers
with sufficlent strength to resist mechanical failure within
the flight envelope of the vehicle.

Because of its higher entry velocity, the Apollo vehicle
encountered radiative as well as convective heating. In a
sense, the Apollo project ushered in the era of radiative heat-
ing. Of course, research on shock-layer radiation preceded the
actual Apollo entries by many years (work was actively under
way in the late 1950's) but the Apollo project served as a
focal point for much of the radiative heating research.

In the late 1950's, many types of facilities were used to
test ablation materials. Oxyacetylene torches, combustion
heated wind tunnels, pebble bed tunnels, rocket exhausts,
plasma torches, and arc-heated wind tunnels were used with
varylng degrees of success. By 1962, the arc-heated wind
tunnel had established itself as the most versatile and capable
of the ablation test facilities.

Intensive research was carried out to produce improved arc
heaters, capable of operating over wider ranges of pressure and
enthalpy; and radiation sources were added to allow tests with
combined convective and radlative heating. Today's ablation
test facilities have reached a high level of refinement and have
played an invaluable role in the development of ablation tech-
nology. In spite of thelr refinement, however, these facilities
provide only a partial simulation of reentry flight conditions.
Because of this, the proper interpretation of ground-test
results in terms of in-flight ablative behavior remains one of
the most important areas of ablation research.

Throughout the past 12 years, much research in polymer
chemlstry has been carried out in an effort to produce improved
ablators. This work has enhanced our understanding of the
pyrolysis process and char formation mechsnisms, but no "super"
materials have been produced. In general, advances in heat-
shield performance have come more through understanding the
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significant phenomena of ablation than through development of
greatly improved materials. When the effects of differing
atmospheric compositions are accounted for, the phenomena
involved in planetary entries and earth entries are the same.
Hence, the technology developed for Earth entry heat shields
can be used to, as a starting point, analyze the type of heat
shields reguired for planetary entry vehicles.

In the present paper, the analyses and test techniques
which have been developed to treat heat shields for Earth entry
with combined radiative and convective heating are reviewed,
and the significant phenomena are defined. The development of
convective and radiative heat-transfer analyses, ablation layer
analyses, and coupled heat transfer and ablation calculations
are reviewed and, as an example of the current state of the
art, a calculation technique developed for treating heat
shields exposed to combined convective and radiative heating
is described. With the lessons learned from Barth entry
research in mind, the work carried out to date for entry into
various planetary atmospheres is reviewed and technological
problem areas are identified and discussed.

Symbols
A projected cross-sectional area of entry vehicle
GA elemental mass fraction of ablation producﬁs
CD, drag coefficient of entry vehicle
E b Ko O TSLP
by dimensionless stream function
g acceleration due to gravity
H density scale height
h enthalpy
hS stagnation enthalpy
KO oxygen mass fraction
M mass of entry vehicle
M molecular weight
ﬂg gas injection rate
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pressure
stagnation pressure

convective heat load

radiative heat load

reduction in heat flux due to convective blockage
convective heating rate

heat flux due to boundary-layer chemical réactions
radiative heating rate

equivalent nose radius for convective heating
Reynolds number based on wetted length

cone base radius

nose radius

temperature

post shock temperature

velocity

altitude

radiation loss parameter = E & z V3
p s 2 Poo Voo

entry angle

enthalpy potential

gas cap thickness

cone half angle

Planck mean absorption coefficient
density

Stefan-Boltzmann constant

aerodynamic shear
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Subscripts:

[¢)

entry condition
W evaluated at the surface

o free stream

Convective and Radiative Heating for Earth Entry

Convective Heating

Convective heating has been a source of serious concern
ever since the early days of supersonic flight. (Remember the
press having a field day talking about aircraft crossing the
sonic barrier and landing in the thermal thicket?) We will
briefly review the development of nonablating heating calcula-
tions. The coupling of heating and ablation analyses will be
discussed later.

Several specific areas can be pointed out in the literature
on convective heating. In particular, the problems of
stagnation-point heating, laminar heating, and turbulent heat-~
ing calculations for very high-speed entry were put on a firm
footing by the work of Fay and Riddell(2), Cohen(3), and
Hoshizakizﬁ). More recently the work of De Rienzo and
Pallone(5) permits extension of stagnation-point convective
heating up to entry speeds of 21.33 km/sec. This last paper

-also gilves an excellent summary of convective heat-transfer
studies including the shock-tube experiments which formed the
basis for much of the theoretical work. The work of Bolson and
Curtiss(6) and Zoby and Sullivan(7) explored the influence of
body geometry on stagnation-point heating.

Laminar heat transfer on flat plates, sharp cones, and off
the stagnation point on blunt bodies has been well established
by the work of Cohen(3) and Lees(8). The results of Cohen
have been correlated by Zoby(9) to put them in a more usable
£orm. :

Turbulent heating is still a subject for extemsive reseaxrch.
The Reentry F spacecraft has provided an extensive amount of
turbulent heating data which are still being compared with
existing correlation equations. The earlier work of Zoby and
Sullivan(10) showed that turbulent heating for a large number
of flight vehicles, blunt and sharp, could be predicted with
fair accuracy using reference enthalpy methods.

No discussion of turbulent heating is complete without a

discussion of the problem of boundary-layer transition. Transi-
tion is known or believed to be influenced by Mach number,
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Reynolds nuwber, leading-edge bluntness, surface roughness,; and
8 host of other parameters including the ablation rate for an
ablating surface. To date, no good correlation of boundary-
layer btransltion is avallable. Any of the currently accepted
correlations show a spread of the type shown in Figure 1 which
is taken from Reference (11). Nobte that there is as much as an
order of magnitude difference between the lowest and highest
Reynolds numwbers at which transition occurs. In addition, the
influence of non-air gas mixtures on boundary-layer transition
is not well known. However, barring major chemical effects
which cen significantly influence temperature and enthalpy
profiles, there is no reason to believe that a transition
correlation for air will not apply in non-air gas mixtures.

Radiative Heating

Radiative heating becomes an important design considera-
tion when the gas-cap temperature exceeds approximately
10 000° K. A history of radiative heating calculations is
glven by Anderson(12) who points out that calculations using
an optically thin or a gray gas model seriously overpredict the
radiative flux to the wall. Figure 2, which is-copied from
Anderson's paper, shows how the state of the art for radiation
calculations has changed in the past decade. Calculation
procedures have progressed from the transparent, continuum
only, uncoupled calculations used by many early investigators
through the nongray, coupled but continuum only calculations
of Hoshizaki and Wilson(13) to the coupled with contimmm and
lines calculations which are current today. In Flgure 2, the
last category is demonstrated by results from Page et al.(1h)
but could be equally well demonstrated with results from
Wilson(15), Olstad(16), Chin(17), or Rigdon(18). The radiation
model used in the caldulation procedure described below is that
of Wilson(19) which includes continuum and atomic lines.
Andergon further points out that due to uncertainties in gas
abgorption coefficlents, the radiative flux “can probably be
determined within 50 percent" and if the uncertainty in the
absorption characteristics of ablation products is also taken
into account the radiative flux "is known within a factor of
two." It is obvious that if the entry environment is domi-
nated by radiative heat transfer the heat-shield weight
requirement can be a serious uncertainty.

Most of the radistive heating calculations made to date
and referenced above apply to the stagnation region. It was
recognized prior to 1962 that radiastive heating to conical
bodies was negligible because of the cooling of the gas as it
moved out of the stagmation region and onto the conical after-
body. However, bodies with larger cone angles have become
intersting (e.g., Viking) and attention has again turned toward
this problem. A very recent paper by Callis(20) shbows results
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for sphere-comes with cone angles of 30°, L5%, and 60°. 4s
antlcipated, for the conditions investigated, the 30° and ESO
cone heating rates fall to very small fractions of the
stagnation-point values. The 60° cone, however, can experience
radiative rates which may actually be higher than the
stagnatlon-point values. Such results can have serious implica-
tions on both the heat-shield design and the aerodynamic
characteristics of the entry vehicle. These results point out
that radiative heating is a major unknown for the design of s
vehlcle flying in air. For vehicles flying in non-air gas
mixtures, the uncertainty must be larger and requires further
consideration.

Ablator Response
Ablation Analyses

During entry, an ablator responds to heat transfer and
chemical attack from the adjoining shock layer. The ablator
responds by receding, altering its internal temperature
distribution, or both. The principal mechanisms of ablative
response, as illustrated in Figure 3, are:

1. ©Sensible heat increase in the virgin plastic and char

2. Pyrolysis of the virgin plastic to form char and
pyrolysis gases

3. Enthalpy increase in the pyrolysis gases as they flow
through the char

4, Removal of the char surface by chemical attack and
sublimation

5. Mechanical removal of the char
6. Reradiatlion of energy from the char surface

Most present-day ablation anslyses assume one-~dimensional flow
of heat and mass normal to the local char surface. Such an
assumption is valid for cases where the curvature of the heat
shield is large compared to characteristic dimensions within
the ablator (large nose radii), but for small ground-test
models and for flight vehlcles with small nose radii multi-
dimensional solutions may be required. This is true in treat-
ing both temperature distributions and the internal flow of
pyrolysis gases. At the present, complete multidimensional
enalyses have not reached a stage where they are suitable for
routine use. Solutions have, however, been obtained for the
important limiting cases of two-dimensional heat transfer with
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one-dimensional mass transfer (subliming ablators and graphite -
no char layer)(21,22), and two-dimensional pyrolysis gas flow
with one-dimensional heat transfer (models with rapidly varying
external pressure distributions)(23). In the present paper, for
the purpose of illustrating basic phenomena, we shall, for the
most part, restrict our attention to the one-~dimensional case.

A typical one-~dimensional ablation analysis is composed of a
finite-difference solution of the transient heat conduction equa-
tion throughout the char, pyrolysis zone, and virginplastic; a set
of empirical kinetic equations that describe the pyrolysis process;
a chemistry routine to determine the state of the pyrolysis gases; a
set of equations which deseribe char removal by chemical and
mechanical means; and a char surface energy balance(2k,25,26,27,28).

In the early days of ablation analysis, it was of ten necessary
to sacrifice some rigor in the solution of the heat-conduction equa-~
tion in order to keep computing times reasonably short. This problem
has now been overcome by improved programing techniques and increases
in computer speed so that today's finite difference solutions are
essentially exact and require reasonably short machine times, At
the present time, the accuracy of predicted internal temperature
distributions is limited mainly by the material properties required
as input data (i.e., specific heats, thermal conductivities, etec. ).
Virgin plastic properties can be measured with reasonable accuracy
at temperstures where pyrolysis of the material does not occur.
Since the techniques used to measure specific heats and thermal
conductivities are steady-state procedures, measurement made on
amaterial vhich is pyrolyzing must contain some uncertainties(29).
Hence, material properties in the pyrolysis zone are difficult
to obtain. The largest difficulties with input properties are
associated with the char layer. Most ablation analyses use a
char thermal conductivity which is a lumped parameter and
represents the net conductivity of the char and the pyrolysis
gases flowing through it. This lumped conductivity cannot
actually be measured and is often inferred from arc tunnel tests
of ablation models. That is, the char conductivity is adjusted
until the predicted vemperature distributions agree with those
measured in the tunnel tests(30,31). In spite of the foregoing
difficulties, present-day ablation analyses usually predict
reasonably accurate internal temperature distributions. In
reference 30 for instance, after adjustment of the char thermal
conductivity, internal temperatures were predicted to within
30 percent of the measured values.

Pyrolysis Kinetics and Pyrolysis Gas Chemical State
The pyrolysis kinetics, as obtained from DTA (differential
thermal analysis) and TGA (thermo-gravimetric analysis) data,

generally predict pyrolysis rates and energy absorption with
reasonable accuracy(32).
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The state of the pyrolysis gases remains one of the major
unsettled questions in ablatlon analysis. TIts significance is
11lustrated in Figure 4. Rarly ablation analyses usually
treated the pyrolysis gases as frozen at the composition
at which they left the pyrolysis zone. IT this assumptlon 1s
made, then the pyrolysis gases will absorb only a small amount
of energy in being heated from the pyrolysis temperature to
the char surface temperature. ILater, gas phase equilibrium
computer codes were employed to treat the gases as being in
complete chemical equilibrium (including the deposition of
carbon in the hotter regions of the char). This equilibrium
agsumption results in the prediction of large heat absorption
by the pyrolysis gases. Experimental data have been obtained
which support both the equilibrium and frozen assumptions.
Data obtained by Lundel(33) which agree with the frozen assump-
tion are presented in Figure 4. A more accurate approach would
be to carry out a kinetic analysis which employed measured
rate constants for the important reactions. Such an analysis
was reported in Reference (34) and indicated that the equilib-
rium assumption would significantly overpredict the heat
absorption by the pyrolysls gases. The available rate data
are, however, limited to relatively low temperatures and, in
many cases, are avallable only for overall reactions rather
than the 1ndividual kinetic steps involved in the pyrolysis
gas reactions. Hence, a true kinetic model for the pyrolysis
gas reaction has not been established and, lacking such a
model, analyses based on low temperature date cannot be
extrapolated. to the high char temperatures assoclated with
lunar return, planetary return, and planetary entry missions.

Char Surface Recession

Another important area of ablatlion analysis that is still
Jlargely unresolved is the prediction of char surface recession.
Most analyses for manned vehicles employ the assumption that
char recession is due entirely to chemical reactions and
sublimation. This is usually justifiable within the flight
envelope and makes the problem more tractable than if mechanical
ichar removal had to be accounted for; but the question of char
surface kinetics still presents formidable problems. Most
analyses treat chemlical char removal as being jointly rate and
diffusion controlled. A% low temperatures, where oxygen can
diffuse to the char surface faster than it reacts, the reces-
slon rate is governed by the kinetics of the solid-gas reaction.
At high temperatures, the rate of char recession is governed by
the rate at which oxygen (and other reactive boundary-layer
gases) diffuses to the char surface. BRetween these two regimes,
there exists a transition reglon of joint rate and diffusion
control. At yet higher temperatures, sublimation causes addl-
tional char recession. Most investigators have assumed that
the rate controlled regime could be described by a single
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Arrhenius eguation with a constant activation energy. This
gsurface recession model has received such wide acceptance that
its validity is seldom questioned. However, data recently
obtained for various graphites strongly suggest that the
activation energy is,in fact, a decreasing function of tempersa-
ture and that char swface removal may be chemically controlled
to temperatures much higher than previously thought
possible(35,%6). Sublimation is another area of considerable
uncertainty. Several investigators have shown that accurate
solutions require the inclusion of high molecular-weight gas
phase carbon species (Cl through Clo usually) .’ The thermo-
dynamic properties of these large carbon species are not well
established. Depending on thelr treatment of these species,
various investigators have predicted significantly different
sublimation rates at high temperatures and pressures(37,38).
When, as in the case of high M/CDA ballistic vehicles,
mechanical char removal must be accounted for in addition to
chemical removal, the prediction of char recession rates
becomes uncertain indeed. Several theoretical treatments of
char failure have appeared in the literature(39,40). Most of
these analyses describe char removal as a cyclic process wherein
the char builds up to a'critical thickness and then is removed
by a combination of thermal and internal pressure stresses.
While this type of char failure has been reported for some
materials, it is not encountered very often. The type of char
failure that is most often seen in ablation tests involves the
removal of relatively small fragments from the char surface.
Figure 5 presents a typical set of test data for a carbon-
phenoclic ablation material. This type of char failure only
occurs when the test stream contains oxygen. It is apparently
a coupled chemical-mechanical process in which the char surface
is weakened by oxidation and subsequently removed by aerodynamic
shear. The phenomenon is particularly spparent under high~
pressure test conditions and has been observed for graphites(4l)
as well as charring ablators(42). At the present time, this
type of char removal must be described by empirical relations
derived from ground tests.

Reradiation of Energy From Char Surface

The superlority of the charring ablator (over subliming
and melting ablators) is largely due to its ability to reradiate
large quantities of energy from a high-emissivity, high-
temperature char surface. As will be shown in a subsequent
sectlon of this paper, this reradiation is one of the most
important energy accommodation mechanisms for charring ablators.
In most ablation analyses, the char surface is assumed to be a
gray body and to have a constant emissivity. For most
carbonaceous materials, this seems to be a reasonable assumption.
However, materials which contain large amounts of silica often
produce chars for which the gray-body assumption is significantly
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in error(43). The counterpart to emissivity is char surface
absorptivity, which becomes important when the ablator is
subjected to radiative heating. As with emissivity, the
absorptivity is usually assumed constant, though its value is
usually assumed to be different from that of the emissivity to
account for the fact that the shock-layer radiation and the
char surface reradiation involve different wavelength ranges.
Actually, little is known about char absorptivity for short
wavelength, high-energy (ultraviolet) radiation.

Since, reradiation from the char surface varies as the
fourth power of surface temperature, it becomes more important
as heating rates (and hence surface temperatures) increase. At
a temperature of approximately 4000° X {for pressures of the
order of 10 atmospheres), however, carbonaceous materials
sublime. Hence, an upper limit on the amount of energy that
can be reradiated exists (around 1200 W/cm®). TFor entries
which involve heating rates of a few thousand W/cm (manned
planetary return earth entry, for 1nstance), char surface
reradiation will usually be the most important energy accommoda-
tion mechanism. For entries that involve tens of thousands of
W/cm2 (which, as we shall see, may be the case for Jupiter
entry), reradiation may be small compared to other ablative
mechanisms.

Categories of Ablators

A great many different materials and formulations have
been investigated for use as ablative heat shields. It might
be expected that each of these materials would have its own
special characteristics and would require a separate research
program to determine its ablative behavior. To an extent, this
is true, particularly with regard to thermophysical and thermo-
chemical properties. 1In a broad sense, however, ablators may
be meaningfully categorized according to their elemental
chemical composition (i.e., the number of atoms of carbon,
hydrogen, etc.). The basis of such a categorization is the
concept of complete (gas-phase and gas-solid) equilibrium at
.the char surface. If such equilibrium is obtained, then, in a
diffusion limited situation, the char recession rate (which is
one of the major determinants of ablator performance) is
completely determined by the vehicle geometry, the flight
conditions, and the elemental composition of the virgin plastic.
The assumption of complete char-surface equilibrium has been
studied, both analytically and experimentally by many investi-
gators(26,4h 45 46). In many cases, it has been shown to
provide an accurate prediction of ablator behavior. As
mentioned previously, there are data available which suggest
significant pyrolysis-gas nonequilibrium, and in such cases,
the concept would not hold. As a guide to the overall
categorization of ablators, however, the equilibrium concept is
quite useful. When considered in this way, most ablators can
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be grouped into two classes: those which contain the elements
carbon, hydrogen, nitrogen, and oxygen, and those which contain
these four elements plus silicon. These two groups differ most
significantly with respect to char chemistry. Materials which
contain C, H, N, and O produce chars which are nearly 100 per-
cent carbonaceous and whose chemical composition is virtually
independent of test condition. Materials which contaln Si, on
the other hand, produce chars with surfaces composed primarily
of solid 5i0p, liquid SiOs, solid §iC, or solid C depending on
the test condition. This behavior is particularly characteris-
tic of elastomeric ablators and i1s illustrated by the results
presented in Figure 6. Note that as the heating rate is
increased, changes occur in both appearance and chemical compo-
sition of the char layers. Over this same range of test condi-
tions, an ablator containing only C, H, N, and O would
everywhere produce carbonaceocus char. Silicon-dominated abla-
tors (materials which behave as shown in Fig. 6) are best
suited for use at low heating rates (low surface temperatures)
where the  char is primarily solid Si0p and, since it is an
oxide, is virtually inert with respect to oxygen and hence is
nonreceding. Carbon dominated ablators, on the other hand, are
preferable at high heating rates since their carbonaceous chars
do not suffer from the liquid layers and C/Si reactions charac- N
teristic of siliceous materials.

Coupling Between Heating and Ablator Response

One of the outstanding characteristics of an ablative heat
shield is that it not only absorbs heat but, through the injec-
tion of gaseous ablation products, it also modifies the adjacent
boundary layer and greatly reduces the level of aerodynamic
heating. When the ablation products enter the boundary layer
they are heated up, react with themselves, and (usually
exothermically) with the boundary-layer and shock-layer gases;
they thicken the boundary layer and alter its profiles of
temperature, velocity, and species concentration, and they
absorb radistion from the shock layer.

The exothermic reaction of the pyrolysis gases is both
detrimental and beneficial. Because of its exothermic nature,
it actually increases the heat flux to the ablator. However,
these reactions also deplete the reactable oxygen in the
boundary layer, reduce the oxygen flux to the char surface, and
hence, in a diffusion limited situation, reduce the rate of
char removal by chemical reaction. This combustive heating can
be expressed as an effective increase in stagnation enthalpy.
Hence, it is quite important at low flight speeds (low enthal-
pies) but becomes of lesser importance at high speeds. The
oxygen depletion effect is important at both high and low
speeds so long as chemical char removal is significant compared
to removal by sublimation and mechanical processes. In treating
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the ablation product boundary-layer reactions there is, once
again, the question of reaction rates. The limiting cases of
equilibrium and frozen chemistry are, of course, available.

At higher boundary-layer and shock-layer temperatures {say
above 2000° K), equilibrium is usually assumed since reaction
rates are expected to be fast. A considerable amount of data
supporting this assumption has been published, but in many
cases the frozen assumption seems to give better results. The
analysis that was most successful in predicting the performance
of the Apollo heat shield treated the ablation products in the
boundary layer as being frozen.

The thickening of the boundary layer and the alteration of
its profiles constitutes the well-known "transpiration cooling
effect." This is an important ablation mechanism under
virtually all flight conditions, and becomes particularly
important under conditions producing high radiative heating
rates. Under these conditions, the resulting high mass injec-
tion rates "blow the boundary layer off" the char surface and
reduce the convective heating to zero. This phenomenon is
usually illustrated by a plot of the ratio of convective heat
flux (or Stanton numbers) with and without blowing versus a ;
nondimensional mass injection rate. From such a plot, (.
presented in Figure 7, it is seen that the convective heat flux :
tends to zero with increasing blowing rate as shown by the
solid curve. Experimental ablation data have been presented,
however, indicating that, with increasing blowing rate, the
convective heating approaches a finite asymptote (0.2 to 0.3 of
the no-blowing value) rather than zero(47). This type of
behavior should be expected when the blowing is produced by an
ablator responding to purely convective heating. If the heat-
ing were actually reduced to zero, the ablator would stop
ablating, the blowing rate would go to zero, and, with no mass
injection, the heating rate would increase to its no-blowing
value. Hence, some nonzero asymptote must be approached in
convective heating situations. This type of behavior will not
occur, however, in the presence of large radiative heating
rates., In this case, the high mass injection rates (ablation
‘rates) resulting from the radiative heating can, indeed, drive
the convective heating rates to extremely low values.

Until a few years ago it was generally assumed that the
gaseous ablation products would not absorb a significant part
of the radiation from the hot shock layer. Then, a number of
investigators carried out analyses in which the absorption by
the ablation products could be accounted for(48,49). They
found that the ablation products could actually be rather
efficient absorbers (especially at ultraviolet wavelengths)
and predictions of up to 50 percent reduction in radiative
heat flux were published. Recently analyses of this type
have been further refined and now reductions of around 25 per-
cent are being predicted for typical planetary return
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Farth entries(50). Analyses of this type are discussed in the
following section of this paper.

State-of-the-Art Analysis for Planetary Return Earth Entry

In order to identify those ablative mechanisms which are
most important during a high-speed entry, a typical up-to-date
analysils is described and typical results for planetary return
Earth entry are revievwed.

A state-of-the~art analysis which is being used to study
some of the problems associated with Earth entry of a blunt
body at planetary return speeds is given by Smith et al. in
Reference (50). Figure 8 is taken from that reference to show
the logic involved in developing such an analysis.

The analysis must begin with a trajectory if a transient
ablation solution is required. If only simple, point calcula-
tions are required then velocity and altitude or velocity and
density are all that are necessary to initiate the analysis.

The inviscid radiating solution is used to calculate all
the flow parameters in the subsonic portion of the flow field
behind the bow shock. In the analysis shown in Figure 8, the
method used is that of Suttles(51) who combined the one strip
integral method(52) with the radiation model of Wilson(19).
The output from the inviscid flow-field program is used to
provide local values of pressure, temperature, density, and
velocity. This information can be used as local edge-condi-
tions with a conventional boundary-layer solution to
provide initial estimates of the convective heating. In the
analysie of Reference (50), these convective heating calcu-
lations were made using the correlation equations of Zoby(9)
for equilibrium air.

The radiative flux calculated by the inviscid flow-field
program and the convective heating rate calculated by the
boundary-layer program are used as inputs to the ablation
program (developed by Kendall, Rindal, and Bartlett(26)) which
computes the transient, one-dimensional response of a charring
material with heat conduction and in-depth pyrolysis governed
by Arrhenius type rate equations. The pyrolysis gases ‘are
assumed to be in chemical equilibrium throughout the char, and
two-phase chemical equilibrium is assumed at the char surface.
A1l char recession is assumed to be caused by rate and diffusion-
limited chemical reactlon and sublimation.

¥When the ablation rates have been calculated, it is possi-

ble to compute the velocity profiles in the boundary layers
using the technique described in Reference (50). By testing
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the resulting stream function sgainst a limiting velue, the
analysis decides whether or not the ablation rate is large
enough to move the air-ablation products boundary layer away
from the wall and replace it with an ablation products layer
with an almost constant, low-value shear at the wall. If the
ablation rate is sufficiently large the strong injection
solution is used. This solution, described in detail in
Reference (50), assumes that the boundary layer consists of

a layer of ablation products next to the wall and a layer
within which the viscous effects adjust the flow variables
from the inner layer values to the inviscid outer layer values.
In the layer next to the body, constant shear and negligible
conduction are assumed. In the viscous layer, the elemental
composition is computed by assuming a cubic variation from
the ablation products composlition in the inner layer to the
air composition at the edge of the invigecid outer layer. If
the ablation rate is moderate, a conventional boundary-layer
solution is used in which the stream function at the wall is
defined by the ablation rate.

The inviscid outer layer and the boundary layer for either
strong or moderate injection are coupled to provide continuous
enthalpy profiles across the shock layer. First, the inviscid
layer is displaced from the wall by a distance equal to the
displacement thickness of a boundary layer with mass addition.
The boundary-layer edge enthalpy value is matched to a value
in the inviscid layer near the edge,of the boundary layer.
This information provides a smooth enthalpy profile which is
used by the radiation model to recompute the radiative flux.
This flux is used as input for the next iteration on the mass
loss rate calculations. The solution continues until a
conslstent set of flux and mass loss rate values is obtained.

There are several radiation models which might be used
for calculation of radiative transfer through the ablation
products layer. As previously noted, the radiation model used
in Reference (50) was that of Reference (19). This model
contains the major features for alr radiation as well as the
prominent features from a large number of the chemical
compounds resulting from an equilibrium analysis of the abla-
tion products from common ablators such as phenolic nylon
and phenolic carbon. Thus, when this code is coupled with
the boundary-layer solutions described above, the major
influence of the ablation products on the radiative heating
has probably been accounted for. The answers should certainly
be within the factor of 2 mentioned by Anderson. Typical
results from analyses of this type are presented in Figures 9
and 10. TFigure 9 shows the extent of the ablation products
layer and the temperature distribution through the shock layer,
and presents the calculated shock stand-off distance, heating
rates, and the char-surface temperature for conditions typlcal
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of peak heating duvring a manned planetary rebturn Earth entry.
Blockage by ablation products reduces the inviscid heating by
about 22 percent. It is of interest to see in which spectral
regions the absorption is taking place. This is shown by the
difference between the dashed and solid lines in Figure 10. Note
that the sbsorption is almost entirely in the ultraviolet region.

Only by carrying out a coupled analysis such as that just
described is 1t possible to accurately assess the heat-shielding
requirements for severe radiation-dominated entries. Coleman,
et al., carried out a thorough study of heat~shielding reguire-
ments for blunt and conical manned planetary return entry
vehicles. Their analysis included all the important mechanisms
mentioned previocusly. For a baseline theoretical model (which
assumed a phenolic-nylon ablator, no mechanical char failure,
equilibrium pyrolysis gases, laminar flow, equilibrium shock-
layer chemistry, and no blockage of radiation by ablation
products), they showed the magnitudes of the various heat
absorption and blockage mechanisms as a function of time during
entry. These data are reproduced (with some modification) in
Figure 11. In constructing Figure 11, the data of Coleman
et al. (49) were modified to reflect a 25-percent radiation
blockage due to ablation products since, in light of recent
developments, this is believed to be realistic. Results are
presented for the center line of an Apollo-like vehicle. For
the blunt Apollo-like vehicle, radiation is the dominant heat-
ing mechanism, and the significant energy accommodation
mechanisms are radiation blockage by ablation products, tran-
spirabtion cooling, surface reradiation, and the enthalpy
increase in the pyrolysis gases. For conical vehicles, the
dominant heating was found to be convective, and the signifi-
cant energy accommodation mechanisms were transpiration cool-
ing, reradiation, and pyrolysis enthalpy increase.

Ablative Response in Turbulent Flow

A1l the results presented thus far are rigorously appli-
cable only to laminar flows. Actually, little is known about
the response of ablators subjected to turbulent flows. Since
arc tunnels are generally low-density facilities and can
accommodate only small models, ordinary ablation tests never
produce Reynolds numbers high enough to produce turbulent
flow. Some ablation tests have also been carried out in
turbulent pipe-flow and channel-flow facilities and have
produced valuable data, but because of radiation exchange with
facility walls and difficulties in precisely defining the
flow, the application of these results to flight conditions
is not straightforward. Some turbulent ablation data have
also been obtained from flight tests. Data for several
materials having densities from about 0.3 to 1 gm/cm were
obtained from the NASA Pacemaker series of small flight
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vehicles and data for a variety of high-density materials have

been obtained from flights of military vehicles. Unfortunately,
Mach numbers and enthalpies over which these data were obtained
are considersbly lower than those for severe planetary entries.

The analysis of the response of an ablator to turbulent
flow is usually done by calculating the convective heating
rates by available turbulent boundary-layer technigues and
reducing the convective blocking effectiveness of the ablation
products to 1/5 or 1/4 of their laminar values. Very little in
the way of coupled radiative-convective analyses with turbulent
flow has been attempted thus far since it has generally been
assumed that radiative heating will be insignificant in the
afterbody regions where the flow could be turbulent. In
general, the approach used with nonmilitary vehicles has been
to choose vehicle geometries and entry trajectories so as to
avold turbulent heating. This same approach will probably be
used with planetary entry vehicles.

Planetary Entries

Ablation research for Earth entry has been reviewed. Now
we shall use this background and consider the problems associ-
ated with planetary entries. From our review of Earth entry
research, we have seen that ablative heat shields provide
reliable, reasonably lightweight thermal protection systems,
but because of uncertainties in several key technology areas
(boundary-layer transition, chemical state of pyrolysis gases,
char-surface recession mechanisms) a conservative design
approach must be used. At the present time, these same uncer-
tainties will require conservative designs for planetary
vehicles. For severe Farth entries, the most significant abla-
tive energy accommodation mechanisms were seen to be blockage
of convective and radiative heat flux by ablation products,
char surface reradiation, and pyrolysis enthalpy increase.
Various planetary entries will now be considered and the most
significant ablation mechanisms identified in each case.

At this point it should be pointed out that prelaunch and
transit environments such as sterilization, vacuum exposure, and
cold soak can significantly influence the choice of an ablation
material for a particular mission. The study of these effects
constitutes a broad technology area in itself and is outside
the scope of the present paper. It must be remembered, however,
that the material properties used in the analyses described
herein must be those that the ablator possesses after its inter-
planetary trip, Jjust prior to atmospheric entry.

In Table 1, properties of various planetary atmos-
pheres(53,54,55,56,57) and unpublished Project Viking atmospheric

768




models are presented®. The near planets may be grouped into
two categories, those with atmospheres considerably less

dense than the Barth's and atmospheres more dense than that of
Earth. In the low-density group, the planets of most current
interest are Mars and Mercury. In the high density group, they
are Venus and Jupiter.

In the present paper, we shall consider Mars as being
representative of the planets with tenuous atmospheres.
Pritchard(58) has considered the possibility of using a
vehicle originally designed for Martian entry to
explore Mercury, Titan (a moon of Saturn), and other planets
with thin atmospheres., He concluded that, for surface pres-
sures as low as 1 mb, an entry vehicle designed for Mars could
be used for Mercury and Titan missions with appropriate
changes in the terminal descent system and, perhaps, iu the
guidance system. Hence, Mars is a good focal point for low-
density-atmosphere entries.

In the case of entry into dense atmospheres we shall
consider two planets, Venus and Jupiter. Venus is selected for
consideration since it is unique in posing entry problems some-
vwhat comparable to those of Earth entry. Jupiter is chosen as
being characteristic of the giant planets (Jupiter, Saturn,
Uranus, Neptune). This is done for two reasons. First of all,
interest in Jovian entry is currently high and, as a result,
much more information is available for Jupiter than for the
other giant planets. Second, Jupiter is thought to possess
many of the atmospheric characteristics that would be encoun-
tered during Saturn, Uranus, and Neptune entries.

Entry Into Tenuous Atmospheres - Mars

The essential problem associated with entries into tenmuous
atmospheres is that of decelerating to conditions at which
parachutes or other high drag devices can be deployed. This
must be accomplished at altitudes which are high enough to
allow atmospheric sampling in most planetary exploration mis-
sions. In order to achieve this high-altitude deceleration,
low values of the vehicle ballistic coefficient, M/CDA, are
required. As pointed out by Roberts(59), deceleration within
a given atmosphere requires that the atmospheric drag parameter,

P/(Mg/cpA)

*
The values presented in Table 1 are intended only to roughly
categorize the various atmospheres. It is recognized that
many of these values are uncertain and debatable.
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be less than approximately 10. Hence, a vehicle with an M/CDA
of 314 g/cm2 will be decelerated by the Earth's stmosphere
whereas, deceleration in the Martian stmosphere will reguilre
M/CpA's on the order of 3.1h g/cm?.

Atmospheric Characteristics

Our concept of the Martian atmosphere has changed
drastically in the past few years. When Martian entry vehicles
began to be seriously studied in 1961-62, it was recognized
that much uncertainty existed regarding the pressure and
composition of the Mars atmosphere. FEarly estimates of sur-
face pressure ranged from 10 to 30 mb (0.0L to 0.03 atm), and
compositions from 80 percent nitrogen, 20 percent COs to
100 percent COp were considered possible. In that time period
most studies assumed significant amounts of both Np and COo.
Recent spectroscopic data and measurements of the occultation
of radio-frequency transmission from the Mariner flyby space-
craft have, however, considerably improved our knowledge of the
Martian atmosphere. The Project Viking Mars Engineering Model
Working Group has reviewed these data and proposed a set of
model atmospheres with surface pressures ranging from 4 to
10 mb (0.004 to 0.01 atm), compositions from 100 percent €O, to
71 percent COp, 29 percent Ar, and density scale heights (in
the stratosphere) from 4.5 to 12 km. These various atmospheres
correspond to maximum and minimum surface densities and a mean
model. Density and temperature profiles for these model
atmospheres are presented in Figures 12 and 13.

Entry Vehicle Geometries, Entry Modes, and Velocities

By far the most often used geometry for Martian entry
vehicles is the spherically blunted cone. This configuration
has the advantages of low ballistic coefficient, good payload
packaging characteristics, and good aerodynamic stability.
The Project Viking entry capsule is shown in Figure 14 as an
example of this type of configuration.

Nearly all the studies carried out to date have considered
ballistic entries. While many early investigations featured
vertical or near-vertical entries, the trend in recent years
has been toward entry angles of -20° or less. For low
ballistic~coefficient vehicles (M/CDA =3 =5 gm/cme) entering
at shallow angles, heating rates tend to be very low. The
maximum heating rates on such vehicles as calculated in
References (60), (61), (62), and (63) are summarized in
Table 2. From this table it is seen that maximum heating
rates range from 100 to 200 W/cm2 for direct entry and are
on the order of 20 W/cm® for entry from orbit. Furthermore,
radiative heating 1s inconsequential for entries less than
about 7 km/sec. Hence, for the Martian entries of greatest
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current interest (e.g., orbital entries such as Project Vikiﬂgj’
the heat-shielding problem is not severe. Only in the case of
very high-speed advanced missions (such as the 11.5 km/sec Mars
Surface Sample Return mission mentioned in Reference (62)) do
the heating rates become high enough to really exercise prese”t'
day ablators. Since high-speed entries of this type have much
in common with Venusian entries, they will not be discussed i-
this section.

Since the heating rates are so low, the selection of an
ablative material for a Martian entry vehicle is influenced
more by its ability to withstand such environments as prelauflcb
sterilization, in-transit cold soak, solar radiation, micro-
meteorite bombardment, and vacuum exposure(63,64) than by its
high ablative efficiency. From an ablative performance stand-~
point, the outstanding requirement is that the material be of
low density and possess good insulating capability. Filled
elastomeric materials seem to be well suited to these require~
ments. A typical material might be composed of silicone resi®”?
silica microspheres, phenolic microballoons, and carbon and
silica fibers. This type of material has been studied and
tested extensively(46,65,66,67) and, for low heating-rate
applications, is well proven.

The heat shield remains an important part of the overall
vehicle design for a Martian entry vehicle. Most design
studies(67,68) indicate that the heat shield will comprise
10 to 20 percent of the entry vehicle gross weight. The 1
materials are developed and available, however, and the overalt
problem seems well within the present state of the art.

Entry Into Dense Atmospheres

As shown in Table 1, the near planets may be grouped
according to atmospheric density. The planets of immediate
interest which have atmospheres as dense or more dense than
that of Earth are Venus and the giant planets, Jupiter, Satur*>
Uranus, and Neptune. In most prior research, Venus and Mars
have been considered together because of their similar atmos—
pheric composition. If comparable entry velocities are
considered for the two planets, this would be a logical grou;””
ing. In most cases, however (because of the difference in
mass of the two planets), Venusian entry velocities are much
higher than those for Mars. As a result, Venusian entries
usually entail severe radiative and convective heating and
pose a significant challenge to present-day ablative heat
shields. As discussed in the preceding section, this is
usually not the case for Mars. Except for the fact that they
both pose appreciable heat-shielding problems, however, Venus
entries and entries into the atmospheres of the giant planets
have little in common. Hence, they will be discussed as
separate categories. 771



Venus
Atmospheric Characteristics

Data obtained from the flights of Mariner V and the Russian
Venera 4 vehicles have greatly reduced the uncertainties associ-
ated with the density, temperatures, and composition of the
Venusian atmosphere. From analyses of these data(55), it
appears that the altitude from which Venera 4 sent its last
radio transmission is in doubt. Originally it was reported
that Venera 4 had measured pressures of from 16.% to
20.3 atmospheres at the Venusian surface. However, if it is
assumed that the last Venera 4 transmission came from an alti-
tude of approximately 30 km, then the Venera U4 data fit nicely
with the Mariner V data, define the temperature and pressure
profiles in the Venus atmosphere quite well, and surface pres-
sures of 167 atmospheres are indicated. This interpretation
of the data is appealing but there are still arguments pro and
con. As a result, model atmospheres have been developed
corresponding to surface pressures of 16.k and 167 atmospheres
and various degrees of solar activity. Density and temperature
profiles for these atmospheres are presented in Figures 15 and
16. The composition of the Venusian atmosphere is now believed
to be between 90 percent COp, 10 percent Np, and 100 percent
COn. TFrom an entry heating standpoint, the atmosphere is
reasonably well known since the important parameters are
composition and scale height, and the scale heights in the
sensible (from a heating standpoint) atmosphere are nearly the
same for the various models shown in Figure 15.

Entry Velocities, Modes, and Vehicle Geometries

The entry velocities encountered for various missions
range from 11 to 15 km/sec. The lowest velocities correspond
to entry from orbit, and the highest velocities are those for a
Mercury swing-by mission. For direct entries, as shown by
Norman and Hart(69), the velocities can range from 11.6 to
13 km/sec depending on the year of the mission. Some early studies
considered vertical entries but most recent investigations have
studied entry angles from -30° to -50°. The Venus missions
studied so far have utilized ballistic entries since it appears
that heating rates can be kept within a manageable range with-
out the use of 1ift and there is no problem in decelerating to
subsonic speeds at sufficiently high altitudes for atmospheric
studies.

The geometries considered by almost all investigators are,
as was the case for Martian entry, spherically blunted cones.
In general, nose radii and cone angles for Venusian vehicles
are smaller than those used for Mars entry. This trend toward
sharper, more highly sweptback vehicles reflects attempts at
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minimizing the total heat load by reducing radiative heating.
As shown by Normsn and Hart(69), however, not all the effects
of reducing nose radil are favorsble. If trangition %o
turbulent flow occurs {(in Ref. (69), the assumption of a
momentum thickness transition Reynolds number of 250 results in
turbulent flow at the cone edge just prior to peak heating),
then the thick entropy layer caused by a large nose radius

can significantly reduce the levels of turbulent heating and
shear. Most studies have indicated nose radii on the order of
1 foot and cone angles from 50 to 60° (Fig. 14).

Heating Levels

Studies of stagnation point and laminar convective heat-
ing in various atmospheres(70,71,72,73,74) have shown that COy
and COQ/Né mixtures will produce nearly the same (actually
about 10 percent higher) heat fluxes as air for comparable
vehicles and flight conditions. It is to be expected that
turbulent heating levels will be comparable for these gas
mixtures.

On the other hand, radiative heating from air and from
COQ/NQ mixtures differs considerably(?S,76,77,78). One reason
for this is that the temperatures at which these gas mixtures
begin to radiate strongly are quite different. For example,
at temperatures of approximately 8000° K, where air radiates
weakly, CO, radiates strongly. Another reason is that because
of the different radiating species involved the spectral distri-
butions of radiation from these gases are quite dissimilar. This
is shown in Figure 17 which was prepared using the radiation
model of Nicolet(79). The reference conditions for this figure
were selected from Reference (80) with a V-3 atmosphere(55) and
the calculations were carried out for an isothermal slab.

Three gas mixtures are shown: air, 90 percent COp with 10 per-
cent N5, and 100 percent COp. The calculated equilibrium
post-shock temperature varies between 9090° K for air and
9540° K for 100 percent COp. Note that there is almost no
difference between the COo and COE Np spectral distributions
except in the region from 3.0 to 4.5 eV. Nitrogen and cyanogen
bands dominate in this region so this difference represents
the effect to be expected by the presence of nitrogen in the
atmosphere. This difference, while not negligible, will not
make or break a design and, conversely, designs which allow
for a reasonable nitrogen content will not be unduly penalized.
It is evident that CN, while an important radiator, is not the
dominant radiator which it was originally believed to be(75,81)
for earlier Venus atmospheres which contained as much as

60 percent Np.

A comparison of both of these atmospheres with the air
results on Figure 17 shows significant differences. First of
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all, it is noted that the air temperature is significantly lower
than either of the others so that the radiation is expected to

be lower. However, the difference shown indicates the importance
of ¢O{k+) which dominates the spectral region from approximately
5 to 11 eV. 1In salr there are no comparable radiators in this
region and, hence, the spectral distribution and radiative flux
encountered during a comparable Earth entry will be signifi-
cantly different from any Venusian entry.

Figure 17 suggests the importance of using an ablator which
will absorb the CO(4+) radiation. As shown in Figure 10 for
air, the absorption by CO in ablation products is very notice-
able in the spectral region from 5 to 11 eV. However, for air
there are no prominent radiation sources in this frequency band
and the effectiveness of the ablation products is minimized.
These results suggest, however, that any ablator chosen for a
Venus entry should be tailored to provide large quantities of
CO in the ablation products so as to minimize the radiative
heat load.

In Table 3, heating rates calculated by various investi-
gators(60,69,75,80) for various Venus missions are presented.
From this table, it can be seen that the maximum heating
rates for out-of-orbit and direct entries are in the same range
as those for high velocity Earth entry missions. For the
out-of-orbit and direct entries, it is also seen that the pres-
sures and aerodynamic shears are higher than those characteris-
tic of manned entries but much less than those typical of
high M/CDA ballistic Earth entry vehicles. The duration of
heating for these Venus entries is relatively short (on the
order of 30 sec).

Candidate Materials

The levels of heating rate, pressure, and shear presented
in Table 3 can be used to select a class of ablators for Venus
entry missions. First of all, the high heating rates shown in
Table 3 prohibit the use of silica~dominated materials such as
those used for Martian entry vehicles. At high surface
temperatures, chars which contain large amounts of 810, will
recede rapidly due to SiOp melting, Si/C reactions, or both.
At these temperatures, char surface reradiation will be a
primary energy accommodation mechanism and so a high emis-
sivity, stable carbonaceous char layer is required. All of
this dictates the use of a carbon-dominated material. As
mentioned previously, the pressures and shears associated
with Venusian entry are somewhat higher than those typical of
mamed entries. Because of this, mechanical char failure may
become a significant consideration, at least for selected
reglons of the entry vehicle. 1In Farth entry research the
usual approach has been to increase ablator density in an
attempt to obtain increased char strength. To a degree this
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has been successful, but large increases in ablator density have
been found to result in only small changes in the test condi-
tions required to produce mechanical char removal. As

mentioned previously, the most commonly encountered type of
mechanical char failure involves a weakening of the char
skeleton by chemical resctlon followed by removal of discrete
chayr fragments by aerodynamic forces. This 1s not completely
understood and is not analytically describable at the present
time. It is probable that an ablator of somewhat higher density
than those used on manned vehicles should be used on a Venusian
entry vehicle. A density of about 0.7 gm/cm5 seems a reasonable
choice. The use of high-density materials is not desirable
since their resistance to mechanical char failure is only
slightly greater than that of the lower density materials, and
their inferior insulating efficiency (resulting from their high
density) would require large increases in heat-shield weight.

Hence, a carbon-dominated material of medium density is
indicated. Some of the best-known materials of this type may,
however, be unsuitable for planetary missions. Most phenolic-
based and many epoxy-based materials have been found to be
incapable of withstanding the prelaunch and transit environ-
ments of sterilization, vacuum, and cold-soak which were so
influential in the choice of an elastomeric material for
Martian entries. A possible approach may be to use a
material composed of an elastomeric resin, carbon microspheres,
and carbon fibers in an effort to utilize the good low-
temperature properties of the resin; and with the high carbon-
filler content, produce a stable high-temperature char. It
would be interesting to know what type of ablator the Russians
used on Venera 4.

Present State of the Technology

Since the levels of heating, pressure, and shear during
Venusian entry are significantly higher than those for Martian
entry, the heat-shield analysis and design is a more critical
part of the overall vehicle design. ZExcept for the most severe
entries (Mercury swing-by), however, the entry conditions are
close enough to those of high-speed Earth entries that the
technology already developed for Earth entry is largely appli-
cable. The situation then is that while there are significant
uncertainties in both heating and ablation analyses, it appears
that, through conservative design, workable heat shields can be
produced within the present state of the art. Present indica-
tions are that for out-of-orbit and direct entries the thermal
protection system will constitute from 10 to 25 percent of the
entry vehicle weight. (A recent study by Jaworski and
Nagler(82) indicates that, for the less severe Venusian
entries, the weight of the actual ablation material may be less
than 5 percent of the total vehicle weight. These numbers seem
small and bear further study.)
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In the analyses of aervodynamic heating, there are signifi-
cant uncertainties associated with the prediction of boundary-
layer transition, turbulent heating, and radiative heating
levels. In predicting ablator response, the major uncertain-
ties appear to be related to the kinetics of the pyrolysis gas
reactions, ablator response to turbulent flows, the prediction
of char recession rates, particularly recession due to
mechanical char removal.

The prediction of boundary-layer transition has, for many
years, been recognized as one of the most important problems
in aerospace research. It is also one of the most difficult.
In view of the great amount of research already devoted to the
problem, it seems unrealistic to expect any breakthroughs in
this area. Research should, of course, be continued, but in
designing near-future planetary entry vehicles, we may have to
accept transition Reynolds numbers with order-of-magnitude
accuracies. On the other hand, i1t appears that the present
uncertainties in radiative heating levels could be reduced
by carrying out completely coupled analyses, such as those
described earlier for high-speed Earth entry, in which all the
significant phenomena such as self-absorption, radiation
cooling, realistic (lines, band systems, and continuum) radia-
tion models, and radiation blockage by pyrolysis gases are
accounted for. In practically every study carried out so far
for Venusian entry, one or more of these phenomena have been
neglected. With regard to the uncertainties in ablator
response, the greatest need is for more and better experimental
data to better define the important mechanisms and to lead to
more physically realistic analyses.

Jupiter
Atmospheric Characteristics

Our knowledge of the atmosphere of Jupiter is much less
complete than for Mars or Venus. Because of the Jovian cloud
layers, the planet's surface (if one exists in the usual
sense) cannot be observed. The available data concern the
atmosphere above the cloud layer. The makeup of the Jovian
lower atmosphere is largely a matter of speculation. In 1967,
Michaux, et al. (57), reviewed the status of our knowledge of
Jupiter. They presented a possible makeup for the lower
atmosphere and Jovian interior (based on models by Gallet and
Peebles) which is presented in Figure 18 of the present paper.
From this figure it is seen that the atmosphere is pilctured
as becoming denser and denser until a surface which may be
liquid or solid is reached. From the standpoint of reentry
vehicles,-however, it is the atmosphere above the clouds that
is of most interest since vehicles with moderate M/CDA s will
decelerate to terminal conditions before reaching the clouds.
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Table 4 presents a sampling of proposed Jovian model
atmospheres(56,83). As shown in Table k&, there is general
agreement that the main atmospheric constituents (above the
cloud layers) are Hy and He, but the proposed compositions
range from predominantly Hp to predominantly He. Proposed
cloud~top pressures and temperatures range from 2 to
2k atmospheres and 150 to 168° K; the atmospheric scale
heights range from 12 to 21 km.

Entry Velocities, Modes, and Vehicle Geometries

For Jupiter, escape velocity is approximately 60 km/sec
and surface satellite speed is approximately %0 km/sec.
Accordingly, most studies of Jovian entry have considered
this range of entry velocities. The equatorial velocity of
the planet is, however, about 13 km/sec and, hence, entry in
the direction of planetary rotation and in the vicinity of
the equatorial plane could reduce the relative direct-entry
velocities to about 50 km/sec.

Most studies to date have considered ballistic entries and,
again, the most widely considered configuration is the sphere
cone. Because of the very high speeds and heating rates
involved in Jupiter entry, there are some indications that
guided (1ifting) entries may be required to keep the heating
within manageable 1imits(83). Tauber(83) has studied the
relative merits of blunt and conical vehicles for Jovian entry.
His conclusion is that the conical vehicles have a clear
advantage with regard to required heat-shield weights. In
fact, he suggests that if the atmosphere were primarily Hp,

a blunt (Apollo-like) vehicle might have to be composed almost
entirely of heat shield. Present indications are that the

cone angles for Jovian vehicles will be smaller than those for
Martian and Venusian vehicles (Fig. 14). The most advantageous
cone angle and, for that matter, the overall character of the
entry heating appear to depend strongly on the atmospheric
composition. This dependence will be discussed subsequently.

Heating Levels

Heating rates, for most Jovian entries, are predicted tobe
extremely high by Earth-entry standards. Tauber(83) studied the
effects of vehicle geometry and atmospheric composition onradia-
tive and convective heating rates for a spherically tipped, conical
vehicle. Some of his results are presented in Figure 19. The
results presented in Figure 19 were computed for a vehicle
having a 30° cone half-angle, a base radius of 1 m, and a nose
radius of 1 cm entering on a shallow ballistic trajectory at
50 km/sec. Durin% entry, boundary-layer Reynolds numbers were
limited to 5 X 100 in order to insure laminar flow. Both
radiative and convective heating rates are presented for the
stagnation point and the conical afterbody, as a function of
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atmospheric Hp content. As shown by Figure 19, a 100-percent

Ho atmosphere would produce heating rates that are sizable

but comparable to those experienced during severe Earth

entries. A He atmosphere, on the other hand, would produce
radiative and convective heating rates far beyond those with
which we have had experience. At the present time, it is
difficult to pick a "most 1likely" Jovian atmosphere. The most
recent papers on the subject do, however, seem to be indicating
higher and higher Hp contents. In 1963, Spinrad and Trafton(8L)
proposed a 60-percent atmosphere and, in 1967, Beckman(85)

. proposed an 82-percent Hy atmosphere. If these high H, contents
prove to be correct, the Jovian entry heating problem will be
large but not unmanageable.

The theory of laminar convective heat transfer for HQ/He
mixtures appears to be on fairly firm ground. Stagnation-
point heating in Hp has been treated by Scala(86) and Marvin
and Deiwert(7l), and correlated by Zoby(70). Stagnation-point
heating in He was measured and correlated by Pope(87).
Zoby(70) has proposed an approximate method (involving sum-
mation of terms weighted according to the mass fractions of
the individual gases) for calculating stagnation-point heating
in gas mixtures, and recent unpublished work by Sutton and
Graves at the Langley Research Center has shown that the sum-
mation approximation gives accurate estimates of heating for
Jovian atmospheres. With regard to laminar heating away from
the stagnation point, Marvin and Deiwert(71) found that heating-
rate distributions were only. affected to a minor degree by
gas composition. The prediction of transition and turbulent
heating in H2/He mixtures involves large uncertainties, Just
as it does in the case of air.

The radiation from H2/He shock layers is significantly
different from that produced by air. This is illustrated by
Figure 20. In Figure 20, spectral flux is presented as a
function of photon energy for a 6l-percent Hp, 36-percent He
shock layer, and for an air shock layer. The results shown
for the Jovian atmosphere were taken from the work of
Stickford and Menard(88). They were obtained by carrying
out an adiabatic calculation, which included self-absorption,
for a 12 000° K, l-cm-thick layer. The results shown for
air are those previously presented in Figure lO(a) and
include self-absorption, radiation loss, and, as indicated
by the short dashed curves, absorption by ablation products.
The H2/He results include Lyman and Balmer line radiation
while the air results are for continuum only. However, as
Figure 10(b) indicates, the line radiation from the air will
not change the comparison shown in Figure 20. The tempera-
ture of the air shock layer (12 900° K) is comparable to
that of the H2/He layer, but the air layer is nearly an
order of magnitude thicker. From these curves it is seen
that, for comparable shock-layer temperatures, the intensity
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of radiation will be much grester for the Hy/He mixture than
for air. Also, it can be seen that the relative amount of
radiation in spectral regions not subject to absorption by
ablation products is greater for HE/He than for air. This
suggests that absorption by ablation products may not be as
important for Jovian entry as it is for Earth or Venus entry.
Wilson{15) showed only about a 10-percent reduction in radia-
tive heating due to ablation products.”

Candidate Materials

The extremely high heating rates and relatively high
pressures that are predicted for Jovian entry (see Fig. 19)
imediately suggest the use of high-density, carbonaceous
materials. Graphites, carbon-carbon composites, and high-
density graphite fiber reinforced plastics have all been
suggested for use on Jovian entry vehicles. In the nose
regions of the vehicle, such materials will probably be used.
The requirement of reasonably small shape change, alone, may
dictate high-density materials in this region. On the vehicle
afterbody, mcderate density ablators appear feasible.
Materials similar to those discussed for Venusian entry may
work well for these applications.

Actually, there are several basic phenomena which must be
investigated before any reasonable choice of materials can be
made. The first of these concerns the response of materials
to very high radiative heating rates. At present, no realistic
tests have been carried out at heating rates over a few
kW/cme. It has been suggested that materials may be torn
apart by the high thermal stresses and internal gas pressures
that heating rates on the order of tens of thousands of W/ cm
will produce. Such a possibility cannot be discounted. What
is needed is test data at these conditions. Second, there are
questions concerning the absorptivity of ablative char layers
in the different spectral ranges. Wilson and Spitzer(43)
measured the absorptance of several chars and graphites at
temperatures up to 54000 K and over the visible and near-
infrared wavelength ranges. They found that, for some chars,
the assumption of gray-body behavior was invalid. In spite
of such findings, most ablation analyses utilize constant
values for char surface emissivity and absorptivity. For
Jovian entry, large amounts of ultraviolet radiation from the
shock layer are predicted (see Fig. 20). In the case of air
shock layers, much of the ultraviolet radiation is absorbed
by ablaticon products. It now appears that such will not be
the case for Jovian entry. It has been suggested that the

*Recent caleulations by the same author, using new abosTp-
tion coefficient data for the polyatomic carbon species have
indicated reductions in radiative heating of up to 80 percent.
More work in this area is needed.
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high energy, short wavelength ultraviolet radiation might
penetrate deeply into the ablator rather than being absorbed at
the surface as most ablation analyses currently assume. Wilson
ans Spitzer’s data show increasing absorptance as ultraviolet
wavelengths are approached and seem to suggest high ultraviolet
absorptance values but absorptance measurements in the ultra-
violet are not presently available. If the radiation should
penetrate into the char, present analyses could give grossly
incorrect predictions of ablator response during Jovian entry.
Finally, there is the question of mechanical char failure in
Hp/He atmospheres. As mentioned previously, the most commonly
observed type of char failure is intimately associated with
oxidation reactions at the char surface. When tested in inert
streams, even low-density chars resist mechanical failure up to
high levels of pressure and shear. If the Jovian atmosphere is
essentially 100 percent He, mechanical char failure may not be
a big problem even at relatively high pressures and shears. If
large amounts of Hp are present, however, it is possible that
H/C reactions at the char surface could cause a type of char
failure similar to that caused by 0/C reactions in air.

Finally, the extremely high heating rates associated with
He atmospheres may force us to reorient our thinking about the
relative importance of the various ablative energy accommoda-
tion mechanisms. For severe Earth entries and for Venusian
entries, we found that char surface reradiation is likely to be
the most important single mechanism. As pointed out previously,
however, the amount of energy that can be reradiated is limited
(by the sublimation of carbonaceous materials) to around
1200 W/cm2. Hence, if the radiative heating rates reach levels
of 12 000 W/cm?2, char surface reradiation will be relatively
unimportant while sublimation will become relatively more
important. It bhas been suggested that, for such extreme
conditions, materials with high surface reflectivity {(to
reflect the incident radiation) rather than high emissivity
might be desirable, if such materials can be found.

State of Technology

Present indications are that the percentage of vehicle
gross weight required for the heat shield will be significantly
greater for Jovian entry than for Earth, Venus, or Mars
entries. Jovian heat-shield technology is in an early stage
of development and many fundamental phenomena require study
before the Jovian entry problem can be accurately assessed.

Simulation Ground and Flight Testing

Ground Testing

While many types of ground test facilities were used in
the early days of ablation research, the great majority of

780




present-day ablation tests are carried out in arc-hested wind
tunnels. A typical arc tunnel, equipped to provide combined
convective and radiative heating, is shown schemstically in
Figure 21. The test gas is passed through an electric arc
where it is heated to high temperatures. It subsequently
expands through a convergent-divergent nozzle and exits as a
supersonic test stream in a free jel test section. The model
to be tested is mounted on a swing arm which allows it to be
inserted in the test stream after stable arc-jet operating
conditions have been achieved and to be retracted from the
stream after the desired test time has elapsed. The flow
leaves the test sectlon through a diffuser and flows through a
heat exchanger to either a vacuum sphere or a steam ejector
which provides the pressure ratio required to fill the super-
sonic nozzle. Arc heaters have been developed which operate
well at high arc chamber temperatures (enthalpies) and low
arc chamber pressures. Other heaters have been developed
which operate at high chamber pressure but at modest tempera~
tures. It has not been possible, however, to develop heaters
which operate at both high temperatures and pressures, nor
has it been possible to build a single heater that operates
well over the entire range of possible conditions. Hence,
most test complexes have several arc heaters, with each heater
equipped with several nozzles of varying expansion ratio to
provide a reagonably wide range of test conditions.

As shown 1n Flgure 21, some test facilities are equipped
with radiation sources (usually high-pressure arc lamps or
lasers) so that the test models can be exposed to combined
convective and radiative heating. The range of test condi-
tions currently available is shown in Figure 22(89,90). This
range of test conditions was determined for tests conducted
in air and there is some question as to whether this exten-
sive a range of test conditions is available in gases such as
COp, Ho, and He. TFor many years there were persistent reports
of electrode failures resulting from CO, operation, but most
facilities now seem to be capable of routine operation on
COs and the test conditions obtained are generally comparable
to those obtained with alr. All arc tunnels seem to run very
well on He but, because of the safety problems involved, few
tests have been run to date in Hp or HQ/He mixtures., Some
selected values of avallable radiative flux capabilities are
also shown on Figure 22 to give an indication of the combined
heating capabilities now available. Also presented on
Figure 22 are representative Mars, Venus, and Jupiter entry
conditions(89). As can be seen from Figure 22, our present
ground-test facilities can produce conditions typical of
Martian entry but not those typical of Venusian entry.
Needless to say, Jovian entry conditions are considerably
beyond our present test capabilities.
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Even within the range of available test conditions, how-
ever, ground facilities do not actually simulate reentry
flight conditions. This lack of simulation can be illustrated
by considering the stagnation-point heating relation

P P,
4. a h tg @ V2 2
¢ \Rers \ ” \[Regr
Ground-test models are usually much smsller than the flight
vehicles they represent. Hence, if the heating rate is the
same for both, then either the pressure or the velocity must
differ. This illustrates one of the basic difficulties of
ground ablation testing. One or two aspects of a given flight
condition can be duplicated, but when they are, other aspects,
often important ones, must be in error. Because of this lack
of complete simulation, ground-test results cannot be used
directly to predict in-flight ablative behavior. Instead,
the ground tests are used to define basgic ablation mechanisms
and to verify a theoretical ablation model (usually a digital
computer code). The theoretical ablation model is then used
to predict in-flight behavior.

Another problem associated with the small size of abla-
tion test models is that multidimensional ablation effects
can become important in ground tests even though they are
negligible for the flight conditions that the ground tests
are supposed to represent. One example of such an effect
is the reduction in transpiration cooling effect caused by
the pyrolysis gases flowing laterally through the char to the
low pressure regions around the shoulders of the model rather
than flowing perpendicular to the char surface as is assumed
in one-dimensional ablation analyses. This effect, which can
result in increased ablation rates, is described in
Reference (23). Another effect of this type arises when
lateral temperature gradients (due to small model size)
become large enough so that significant amounts of heat are
conducted laterally away from a given point on the char surface
rather than perpendicularly to the char surface into the
decomposing ablator below.

In Figure 22 it was seen that present radiative heating
facilities cannot produce fluxes as high as those expected
during advanced (especially, Jovian) planetary entries. These
facilities also have another shortcoming which is possibly more
important than the insufficient flux levels. That is, the
spectral distribution of radiation from the lamps or lasers
differs greatly from that of the gases in a radiating shock
layer. This is illustrated in Figure 23. From this figure
it is seen that the facilities are particularly deficient in
the short wavelength ultraviolet region which constitutes a
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significant part of the shock-layer radiation. As mentioned
before, it has been often suggested that ablation materials
may respond differently to ultraviolet radiation than to
visible or infrared radiation. It is possible that the ultra-
vioclet may penetrate deep into the ablator rather than being
absorbed near the char surface (as is assumed in practically
all existing ablation computer programs). Tests of models
under ultraviolet radiation are needed to resolve this ques-
tion. Another important phenomenon that cannot presently be
studied in ground tests is the absorption of shock-layer
radiation by ablation products. As was shown earlier, this
energy absorption mechanism is quite significant for Earth
entry and may be significant for many planetary entries
(especially entries into predominantly COo atmospheres).

Since the incoming radiation is absorbed preferentially rather
than uniformly across the spectrum (actually most of this
absorption is in the ultraviolet), this phenomenon cannot be
studied unless ground facilities with spectral distributions
similar to those of an actual shock layer can be developed.

Flight Testing

Flight tests have played an invaluable role in the develop-~
ment of Earth-entry ablation technology. Flight tests are
expensive and require large project teams and long lead times
but, because of the previously mentioned difficulties in
scaling ground-test ablation data to flight conditions, they
are mandatory for cases (such as manned entry) where the
ablator response must be known with great accuracy.

The great advantage of flight testing is the ability to
expose the heat shield simultaneously to the correct levels of
all the important entry parameters (i.e., heating rate, pres-
sure, enthalpy, shear, etc.).

Since this situation cannot be achieved in ground testing,
it usually happens that a given set of ground-test data can be
satisfactorily explained by several theoretical ablation
models, each of which predicts differing in-flight behavior
for the ablator. One of the most significant contributions of
a flight test is that it shows which (if any) of the proposed
theoretical models is capable of predicting both ground and
flight results.

The preceding comments apply when the flight test is
carried out in the atmosphere of the planet for which the
entry vehicle is designed. Suppose we are dealing with a
vehicle designed for a Mars or Venus entry. Can meaningful
flight tests of this vehicle be carried out in the Earth's
atmosphere? This problem has been studied by several investi-
gators(80,91,92). As far as phenomena which are largely
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independent of stmospheric composition {i.e., decelerations,
aerodynamic loads, etc.), the answer is yes. If one assumes
a straight line ballistic trajectory(93) and an exponential
atwosphere, it can be shown that, for the case where the
entry velocities and ballistic coefficients are the same,
we can select a path through the Earth's atmosphere along
which the vehicle will encounter a density history equal to
that which it would encounter along a different path
in a different atmosphere. Beginning with this
argument, Kennet(92) goes on to show that, along this equiva-
lent trajectory, any quantity of the form

2 v
can be duplicated so long as m and n do not depend on the
atmospheric composition.

Laminar convective heating can be adequately correlated in
terms of pﬁ Yi , but, of course, m and =n will, in general,
depend on the atmospheric composition. TFor air and COp, N,
mixtures, however, the correlations are nearly identical
(~ 10 percent difference) and, hence, it appears that for
Martian and Venusian entries, the laminar connective heating
could be adequately simulated. There also appears to be a
possibility of simulating transition and turbulent heating in
COpo-N, atmospheres, but this question has not been completely
resolved at present.

Radiative heating, on the other hand, does not lend itself
to simulation by these techniques. Since many of the most
significant radiative heating phenomena (self-absorption,
absorption by pyrolysis gases, possibly ablator response) are
strongly dependent on the spectral distribution of the radia-
tive flux, which is, in turn, strongly dependent on the
chemical composition of the shock layer, this is to be expected.
In Reference (80), Spiegel, Wolf, and Zeh carried out a
detailed study of the degree to which the ablative response of
a Venus~entry-vehicle heat shield could be studied and simu-
lated in an Earth entry flight test. They found that convec-
tive heating could be simulated quite well, but that the
radiative heating differed significantly, both with regard to
flux level and spectral distribution, from that calculated for
an actual Venus entry. Splegel, Wolf, and Zeh went on to
compute the in-depth response of a high~density phenolic-nylon
heat shield for the Venusian and equivalent Earth entries and
found that the ablator response was quite similar in spite of
the differences in radiative heating. This would seem to 1lmply
that such an Earth entry might provide a proof test for a
Venusian-entry heat shield. Such a conclusion, however, 1s
predicated on the assumption that the Venusian-entry (and Barth-
entry) radiative heating and the response of the ablator to it
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has been asccursltely described by the theoretical models used in
the analysis. This is precisely the assumption that we wanted
to check with a flight test in the first place.

Hence, 1t appears that the simulation of planetary-entry
heat-shield response by an Barth-entry flight test is only
feasible for missions involving only convective heating. An
out-of-orbit Martian entry is an excellent example of such a
mission. Because of the low heating rates involved and the
fact that the most likely candidate materials (filled elasto-
mers) are not greatly semsitive to shock layer composition at
the resulting low surface tempersgtures, it appears that nearly
complete simulation could be achieved. For higher velocity
Mars-entry missions and for missions to Venus and the giant
planets, however, Barth entry flight tests do not appear capable
of simulating the significant radiative phenomena.

Concluding Summation

A review of ablative heat-shield technology for planetary
entries has been carried out to assess the present state of
the art and to identify areas in which further research is
needed.

To identify important phenomena and to provide a basis
for comparison, research on Earth-entry heat shields was
summarized as a first step in the review. Emphasis was placed
on entries characterized by large radiative and convective
heating rates, since less severe entries can be considered as
limiting cases (the case of negligible radiative heating, for
instance) of this more complex problem.

It was shown that realistic assessments of heating and
ablator response for this type of entry required a coupled
analysis in which convective and radiative processes in the
shock layer influence one another, and both the radiative and
convective heating are significantly modified by the introduc-
tion of gaseous ablation products into the flow field. From
such analyses it was shown that, for moderate-density char-
ring ablators, the significant energy accommodation mechanisms
are: pyrolysis gas enthalpy increase, char surface reradiation,
and the reduction of convective and radiative heat flux by
the injection of ablation products into the flow field.
Significant uncertainties were shown to still exist with
respect to the chemical state of the pyrolysis gases (which
determines their enthalpy content) and the calculation of
radiative heating rates with absorption by ablation products.
It was pointed out that most present-day ablation analyses
assume that radiation of all wavelengths is absorbed at the
char surface, even though little is actually known about the
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absorptance of ablative chars at other than visible wavelengths.
Shock-~layer spectra vere presented that showed large amounts
of radiant energy at vacuum ultraviolet wavelengths. It was
suggested that radiation at these wavelengths might penetrate
deeply into the char and cause ablative behavior to be signifi-
cantly different from that presently being predicted.

The rate at which the ablator is consumed in accommodating
the incident heating is largely determined by the char reces-
sion rate which results from chemical reaction with boundary-
layer gases, sublimation, and mechanical char failure.
Significant uncertainties were shown to exist in the prediction
of all three of these phenomena.

The prediction of convective heating rates was found to be
on fairly firm ground so long as the flow remains laminar. The
prediction of boundary-layer transition and turbulent heating
rates still involve significant uncertainties, however, with
transition Reynolds numbers being known only to within an order
of magnitude. It was also pointed out that, because of experi-
mental difficulties, the response of ablators to turbulent flow
is a relatively unexplored area of research.

For entries into tenuous atmospheres such as those of Mars
and Mercury, it was found that heat-shield design was well
within the present state of the art. Because of the low entry
velocities typical of out-of-orbit entries, radiative heating
was found to be insignificant and convective heating rates
were found to be low. It was pointed out that, for these
entries, the most important ablation-material characteristics
were low density (for high insulating efficiency) and the
ability to survive prelaunch and transit enviromments such as
sterilization, cold soak, and space vacuum.

In considering entries into the atmosphere of Venus, it
was found that, because of the comparable entry velocities,
the significant phenomena were essentially the same as those
for planetary return Earth entry. Hence, most of the uncer-
tainties discussed for severe Earth entry with combined
radiative and comvective heating apply as well to Venusian
entries.

Since the Venusian atmosphere is primarily CO, (rather
than air), the spectral distribution of shock-layer radiation
is quite different from that for air and it was pointed out
that most of the radiation from a Venusian shock layer was in
a spectral range where it could be strongly absorbed by abla-~
tion products. Since very few coupled analyses (including
absorption by ablation products) have been carried out for
Venusian entries, it was suggested that this might be a
fruitful field of research.
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It was pointed out that the relatively high char surface
pressures and aerodynamic shears which result from ballistic
Venusian entries suggest significant rates of mechanical char
failure. Considersble work 1s required in the area of char

surface chemical reactions in COp test streams, with particular

emphasis on char failure by coupled chemical-~aerodynamic
mechanisms. Reference to Earth entry research showed that the
mechanical char fallure problem cannot be overcome by simply
increasing the density of the ablator.

Because of the high Venusian-entry heating rates,
elastomeric materials such as those proposed for Mars entries
were considered unsuitable for Venusian entries. Because of
their inability to withstand inter-planetary transit environ-
ments, many of the materials most often considered for severe
Earth entries may also be unsuitable for Venus missions.
Hence, it was suggested that a new class of materials that
could withstand both the transit environments and the severe
entries might have to be developed.

Jovian entry was considered as being typical of entries
into the atmospheres of the giant planets (Jupiter, Saturn,
Uranus, etc.). Because of the large mass of the planet
(hence, high escape velocities), Jovian entry speeds and the
resulting heating rates (especially radiative heating rates)
were found to be potentially many times higher than those
for Earth entry. The extent of the increase can not be
evaluated because of uncertainties in the ablation products
and thelr absorption coefficients, bub it is almost certain
that the radiative heating rates will be very large. It
was pointed out that the behavior of materials under such
high heating rates may be quite different than at lower heat-
ing rates. The possibility of catastrophic failure cannot be
discounted. It was shown that, because the amount of energy
reradiated from the char surface is limited by material
sublimation temperatures, char surface reradiation could be a
less important energy accommodation mechanism for Jovian

entries than it is for Barth or Venusian entries. The possible

significance of mechanical char failure was shown to depend
to a significant extent on whether the Jovian atmosphere is
mostly Hp (which will react with carbonaceous materials) or He
{(which is inert). The state of the art for Jovian entry heat
shields was found to be in an early stage of development.

The test capabilities of present-day ground-based facili-
ties were reviewed and their inability to completely simulste
entry conditions was pointed out. It was pointed out, however,

that valuable partial simulation is available and, in particular,

small test models can be subjected to convective heating rates
up to the levels experienced in typical Venusian entries. It
was also shown that radiative heating rates comparable to those

of Venusian entry should be available scon. It was pointed out,
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however, that one important aspect of the radlative heating, the
spectral distribution, is not reproduced in any of the present
radiative facilities. Because of this, i1t is not presently
possible to validate existing theories of radiative heating with
absorption by ablation products. It was shown that Jovian
entry conditions are beyond the capabilities of present ground
facilities.

The ability of Earth-entry flight tests to simulate entries
into other atmospheres was reviewed. It was found that those
phenomena, which are independent of atmospheric chemical
composition, could be adequately simulated but that phenomena
which depend strongly on shock-layer composition (such as
radiative heating and char surface phenomens) could not be
simulated. Hence it appeared that nearly complete simulation
of an out-of-orbit Mars entry was possible (since char surface
reactions are not too important at the low temperatures
involved), but that the value of Earth entry tests in studying
Venusian and Jovian entry phenomena is limited.

References

(1) Adams, Mac C.: Recent Advances in Ablation, ARS Journal,
Vol. 29, No. 9, p. 625, September 1959.

(2) Pay, J. A.; and Riddell, F. R.: Theory of Stagnation Point
Heat Transfer in Dissociated Alr, Journal of the Aeronauti-
cal Sciences, Vol. 25, No. 2, February 1958.

(3) Cohen, N. B.: Boundary-Layer Similar Solutions and Corre-
lation Equations for Laminar Heat-Transfer Distribution irz
Equilibrium Air at Velocities up to %1 100 Feet Per Second s
NASA TR R-118, 1961.

(4) Hoshizaki, H.: Heat Transfer in Planetary Atmospheres at

Super-Satellite Speeds, ARS Journal, Vol. 32, No. 10, p. 154,

October 1962.

(5) DeRienzo, P.; and Pallone, A. J.: Convective Stagnation-
Point Heating for Reentry Speeds up to 70 000 fps Includ-
ing Effects of Large Blowing Rates, ATAA Journal, Vol. 5,
No. 2, February 1967.

(6) Boison, J. C.; and Curtiss, H. A.: Preliminary Results of
Spherical~Segment Blunt Body Pressure Surveys in the 20-
Inch Supersonic Wind Tunnel at JPL, RAD Tech.

Memo 2-TM~57-77 (Aerod. Sec. Memo No. 152), AVCO Res. and
Advanced Dev. Div., October 9, 1957.

788




(7} Zoby, E. V.; and Sullivan, E. M.: FEffects of Corner
Radius on Stagnation-Point Velocity Gradients on
Blunt Axisymmetric Bodies, NASA TM X-1067, (U},
March 1965.

(8) lees, Lester: Ilaminar Heat Transfer Over Blunt Nosed
Bodies at Hypersonic Flight Speeds, Jet Propulsion,
pp. 259, April 1956.

(9) Zoby, Ernest V.: Approximate Relations for Laminar
Heat-Transfer and Shear-Stress Functions in Equilibrium
Dissociated Air, NASA TN D-LuBY4, April 1968.

(10) Zzoby, Ernest V.; and Sullivan, Edward M.: Correlation of
Free-Flight Turbulent Heat-Transfer Data From Axlsym-
metric Bodies With Compressible Flat-Plate Relationships,
NASA TN D-3802, January 1967.

(11) sullivan, E. M.; Erickson, W. D.; Smith, G. L.; and
Suttles, J. T.: Some Aspects of Interplanetary Earth~
Entry Simulation, Presented at the 15th Annual Meeting
of the Institute of Environmental Sciences, Anaheim,
California, April 21-2%, 1969.

(12) Anderson, John D., Jr.: An Engineering Survey of Radiat-
ing Shock Layers, ATAA Journsl, Vol. 7, No. 9, pp. 1665-1675
September 1969.

{(13) Hoshizaki, H.; and Wilson, K. H.: Convective and Radia-
tive Heat Transfer During Superorbital Entry," ATAA
Journal, Vol. 5, No. 1, pp. 25-35, January 1967.

(14) Page, W. A.; Compton, D. L.; Borucki, W. J.; Ciffone,
D. L.; and Cooper, D. M.: Radiative Transport in
Inviscid Nonadiabatic Stagnation-Region Shock Layers,
ATAA Paper 68-784%, ATAA Third Thermophysics Conference,
Los Angeles, California, 1968.

(15) Wilson, K. H.: Massive Blowing Effects on Viscous,
Radiating, Stagnation-Point Flow, ATAA Paper 70-203,
ATAA Eighth Aerospace Sciences Meeting, New York, N.Y.,
January 1970.

(16) Olstad, W. B.: Blunt-Body Stagnation Flow With Nongray
Radiation Heat Transfer - A Singular Perturbation Solu-
tion, NASA TR R-295, 1968.

(L7) Chin, J. H.: Radiation Transport for Stagnation Flows
Including the Effects of Lines and Ablation Layer, ATAA
Paper 68-664, ATAA Fluid and Plasmadynamics Meeting,
Los Angeles, California, June 1968.

789



(21)

(22)

(23)

(2k)

(27)

(28)

(29)

Rigdon, W. S.; Dirling, R. B., Jr.; and Thomas, M.:
Stagnation Point Heat Transfer During Hypervelocity
twmospheric Entry, NASA CR-1462, February 1970.

Wilson, K. H.: RATRAP - A Radiation Transport Code,
LMSC 6-77-67-12, Lockheed Missiles and Space Company,
Palo Alto, California, March 1k, 1967.

Callis, Linwood B.: Time-Asymptotic Solutions of Flow-
fields With Coupled Nongray Radiation About Long Blunt
Bodies, ATIAA Paper T0-865, ATAA Fifth Thermophysics
Conference, Los Angeles, California, June 1370.

Hurwicz, Henryk: Aerothermochemistry Studies in Abla-
tion. Presented at Fifth AGARD Colloquium, on High
Temperature Phenomena, Braunschweig, Germany,

April 9-13, 1962.

Moyer, C. B.; Anderscn, L. W.; and Dahm, T. J.: A
Coupled Computer Code for the Transient Thermal Response
and Ablation of Noncharring Heat Shields and Nose Tips,
NASA CR-1630, 1970.

Bush, H. G.; and Dow, M. B.: Multidimensional Gas Flow
Through Permeable Char Layers and Its Effects on Abla-
tion, NASA TR R-296, January 1969.

Swann, Robert T.; Pittman, Claud M.; and Smith, James C.:
One-Dimensional Numerical Analysis of the Transient
Response of Thermal Protection Systems. NASA TN D-2976,
September 1965.

Swann, Robert T.: Approximate Analysis of the Perform-
ance of Char-Forming Ablators. NASA TR R-195, June 196k,

Kendall, R. M.; Rindal, R. A.; and Bartlett, E. P.:
Thermochemical Ablation. ATAA Paper No. 65-642. AIAA
Thermophysics Specialist Conference, Monterey, Calif.,
September 13-15, 1965.

Hillberg, Lauri H.: The Convective Heating and Ablation
Program (CHAP). The Boeing Co., Seattle, Washington.
Code Ident. No. 81205, No. D2-36402-1, April 1966.

Kratsch, K. M.; Hearne, L. F.; and McChesney, H. R.:
Theory for the Thermophysical Performance of Charring
Organic Heat Shield Composites. Report No. 803099,
Lockheed Missiles and Space Co., October 18, 1963.

Wilson, R. G.: Thermophysical Properties of Six Charring
Ablagors From 1L40° K to 700° X and Two Chars From 800 to
3000° K. NASA TN D-2991, October 1965.

790




(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

Brazel, J. P.; Tanzilli, R. A.; and Begany, A. R.:
Determination of the Thermal Performance of Char Under
Heating Conditions Simulating Atmospheric Entry. ATAA
Paper No. 65-640. ATAA Thermophysics Specialist
Conference, Monterey, California, September 13-15, 1965,

Mclain, Allen G.; Sutton, Kenneth; and Walberg, Gerald D.:
Experimental and Theoretical Investigation of the Ablative
Performance of Five Phenolic-Nylon-Based Materials.

NASA TN D-437k, 1968,

Sykes, George F.; and Nelson, James B.: Thermoanalysis
of Ablation Materials. DPresented at the Am. Institute
of Chemical Engineers Meeting, Houston, Texas,

February 19-23, 1967.

Tundell, J. H.; Wakefield, R. M.; and Jones, W. J.:
Hypervelocity Heat Protection. ATAA Journal, Vol. 3, pp.
2087-2096, 1965.

Pike, R. W.; April, G. C.; and Del Valle, E. G.: Nonequi~-
librium Flow and the Kinetics of Chemical Reactions in
the Char Zone, Reacting Fluids Laboratory, Louisiana
State University, NASA CR-66455, July 15, 1967.

Lewis, J. C.; Floyd, I. J.; and Cowland, ¥. C.: A
Comparative Study of the Gaseous Oxidation of Vitreous
Carbon and Various Graphites at 1500-3000° F. Paper
presented at the Eighth Biennial Conference on Carbon,
Buffalo, N.Y., June 1967.

Strickland-Constable, R. F.: Theory of the Reaction of
Graphite With Oxygen in the Temperature Range
1000-2400° C. Paper presented at the Second Conference
on Industrial Carbon and Graphite, London, April 1965.

Dolton, T. A.; Maurer, R. E.; and Goldstein, H. E.:
Thermodynamic Performance of Carbon in Hyperthermal
Environments. ATAA Paper No. 68-754%, Presented at ATAA
Third Thermophysics Conference, Los Angeles, California,
June 2k-26, 1968,

Kratsch, K. M.; Martinez, M. R.; Clayton, F. I.; Greene,
R. B.; and Wuerer, J. E.: Graphite Ablation in High-
Pressure Environments. ATAA Paper No. 68-1153, Presented
at the ATAA Entry Vehicle Systems and Technology Meeting,
Williamsburg, Va., December 3%-5, 1968.

Scala, S. M.; and Gilbert, L. M.: Thermal Degradation of

a Char-Forming Plastic During Hypersonic Flight. ARS
Journal 32, Vol. 32, pp. 917-924, 1962.

791




(ko)

(41)

(k2)

(43)

(k)

(45)

(46)

(&7)

(48)

(49)

Mathieu, R. D.: Mechanical Spallation of Charring Abla-
tors in Hyperthermal Environments. AIAA Journal,
Vol. 2, No. 9, September 196k,

Maahs, H. G.; and Schryer, D. R.: Particle Removal in
the Ablation of Artificial Graphlte. ATAA Journal,
Vol. 7, No. 11, November 1969, pp. 2178-2179.

Sutton, Kenneth: Results of an Experimental Ablative
Study of a Carbon-Phenolic Material. Proposed NASA TN
(L-6455) .

Wilson, R. G.; and Spitzer, C. R.: Visible and Near-Infrared

Emittance of Ablation Chars and Carbon. ATAA Journal,
Vol. 6, No. &, April 1968.

Walberg, Gerald D.: An Analytical Study of Diffusion
Controlled Char Oxidation and its Effect on the Steady
State Ablation of Hydrocarbon Plastics. NASA TR R-242,
1966.

Wakefield, R. M.; Lundell, J. H.; and Dickey, R. R.:
Effects of Pyrolysis-Gas Chemical Reactions on Surface
Recession of Charring Ablators, ATAA Paper 68-302,
Ninth AIAA/ASME Structures and Materials Conference,
Palm Springs, California, April 1, 1968, Also J. Space-
craft, Vol. 6, February 1969, pp. 122-128.

McLain, Allen G.: Investigation of the Char Formation
and Surface Recession Characterlstics of a Silicone
Resin-Based Composite Ablation Material. Proposed
NASA TN (L-6359).

Vojvodich, Nick S.: Hypervelocity Heat Protection - A
Review of Laboratory Experiments. J. Macromol.
SCI. CHEM., A3(3), pp. 367-39%, May 1969.

Hoshizaki, H.; and Lasher, L. E.: Convective and Radia-
tive Heat Transfer to an Ablating Body. ATAA Paper

No. 67-32T, Presented at the ATAA Thermophysics Speciallst
Conference, New Orleans, Louisiana, April 17-20, 1967.

Coleman, W. D.; Hearne, L. F.; Lefferdo, J. M.; and
Vojodich, N. S.: A Study of the Effects of Environmental
and Ablator Performance Uncertainties on Heat Shielding
Requirements for Blunt and Slender Hyperbolic-Entry
Vehicles. ATIAA Paper No. 68-154. ATAA Sixth Aerospace
Sciences Meeting, New York, N.Y., January 22-24, 1968.

792




(50) Smith, G. L.; Suttles, J. T.; Sullivan, E. M.; and
Graves, R. A., Jr.: Viscous Radiating Flow Field on an
Ablating Blunt Body. ATAA Paper No. 70-218, ATLAA
Eighth Aerospace Sciences Meeting, Wew York, N.Y.,
January 19-21, 1970.

(51) Suttles, John T.: A Method of Integral Relations
Solution for Radiating Nonadlabatic Inviscid Flow Over
a Blunt Body. NASA TN D-5480. Also, M.S. Thesis,
Aerospace Engineering, Virginia Polytechnic Institute,
Blacksburg, Virginia, March 1968.

(52) Garrett, L. B.; Suttles, J. T.; and Perkins, J. N.: A
Modified Method of Integral Relations Approach to the
Blunt-Body Equilibrium Air Flow Field, Including
Comparisons With Inverse Solutions, NASA TN D-543h,
September 1969.

(53) Vaughan, Otha H., Jr.: Model Atmospheres of Mercury,
J. Spacecraft, Vol. 6, No. 10, pp. 1171-1175,
October 1969.

(5%) Michaux, C. M.: Handbook of the Physical Properties of
the Planet Mars. NASA SP-3030, 1967.

(55) NASA Space Vehicle Design Criteria (Environment): Models
of Venus Atmosphere (1968), NASA SP-8011, December 1968.

(56) Sodek, Bernard A., Jr.: Jovian Occultation Experiment.
J. Spacecraft, Vol. 5, No. 4, pp. 461-46%, April 1968.

{(57) Michaux, C. M.: Handbook of the Physical Properties of
the Planet Jupiter. NASA SP-3031, 1967.

(58) Pritchard, E. B.; and Harrison, E. F.: Multipurpose
Entry Vehicle Requirements for Ummanned Landings on
Bodies Having Tenuous Atmospheres. J. Spacecraft, Vol. 5,
No. 4, April 1968.

(59) Roberts, Leonard: Entry into Planetary Atmospheres.
Astronautics and Aeronautics, October 1964 .

(60) strauss, Eric L.; and Sparhawk, H. E.: Ablative Heat
Shields for Planetary Entry Vehicles, AAS Paper 68-8-5,
Space Projections From the Rocky Mountain Region,

Brown Palace Hotel, Denver, Colorado, July 15-16, 1968.

(61) Hiltz, A. A.; Florence, D. E.; and Lowe, D. L.: Selecw-
tion, Development, and Characterization of a Thermal
Protection System for a Mars Entry Vehicle. ATIAA Paper
No. 68~304. ATAA/ASME Ninth Structures, Structural
Dynamics and Materials Conference, Palm Springs, Calif.,
April 1-3, 1968, 703




(6k)

(65)

(67)

(€8)

(69)

(70)

(71)

Fixler, S. Z.; and Layton, D. M.: Thermostructural and
Material Considerations for Mars Lander Heat Shields.
In: Aviation and Space: Progress and Prospects;
Proceedings of the ASME Annual Aviation and Space
Conference, Beverly Hills, California, June 16-19, 1968.

Nagler, Robert G.: The Mars Transit and Entry Environ-
ment: A New Problem for Heat Shields. JPL TR 32-1145,
Reprinted from Proceedings of Institute of Environmental
Sciences, 13th Annual Technical Meeting, Washington D.C.,
April 10-12, 1967, Vol. 2, pp. 4h3-455,

Nagler, Robert G.: Ground Simulation of a Mars-Entry-
Capsule Aeroshell Envirommental History. JPL Tech.
Report 32-1466, February 15, 1970.

Meltzer, J.; Rossoff, J.; and Slaughter, J. I.: Struc-
ture and Materials Aspects of the Prime Flight Test
Vehicle, ATAA/ASME Seventh Structures and Materials
Conference, April 18-20, 1966,

Strauss, Eric L.: Response of Superlight Ablators to
Various Heat Pulses. ATAA Paper No. 68-301, ATAA/ASME
Ninth Structures, Structural Dynamics and Materials
Conference, Palm Springs, California, April 1-3, 1968.

AVCO Corp. Report: Comparative Studies of Conceptual
Design and Qualification Procedures for a Mars Probe/
Lander. Final Report, Vol. V. OSubsystem and Technical
Analyses, May 11, 1966.

Katz, G. D.; and McMullen, J. C.: Entry Vehicles for
Unmanned Planetary Exploration. AIAA Entry Technology
Conference, Williamsburg and Hampton, Virginia,
October 12-1k, 1964,

Norman, Herbert G.; and Hart, Paul M.: Mission Influence
on the Aerothermodynamic Environment for a Venus Entry
Vehicle, AAS Paper 68-4-6, Space Projections from the
Rocky Mountain Region, Brown Palace Hotel, Denver,
Colorado, July 15-16, 1968.

Zoby, Brnest V.: Empirical Stagnation-Point Heat-
Transfer Relation in Several Gas Mixtures at High
Enthalpy Levels. NASA TN D-4799, October 1968.

Marvin, Joseph G.; and Deiwert, George S.: Convective

Heat Transfer in Planetary (ases: ~NASA TR R-224;
July 1965.

794




(73)

(7h)

(15)

(76)

(77)

(78)

(79)

(80)

(1)

Nerem, Robert M., Morgan, C. Joe; and Craber, Bruce C.:
Hypervelocity Stagnation Point Heat Transfer in a Carbon
Dioxide Atmosphere. ATAA Journal, Vol. 1, No. 9,

pp. 2173-2175, September 1963.

Collins, D. J.; and Horton, T. E.: Experimental Convec-
tive Heat-Transfer Measurements. ATIAA Journal, Vol. 2,
No. 11, pp. 2046-2047, July 196%.

Gruszeczynski, J. 8.; Warren, W. R., Jr.; and Diaconis,
N. S.: Laboratory Simulation of Hypervelocity Heat
Transfer Problem During Planetary Entry. Space Sciences
Laboratory, General Electric Co. Report ROG4SD73. Paper
presented at the 15th International Astronautical
Congress, September 7-12, 196k, Warsaw, Poland.

James, Carlton S.: Experimental Study of Radiative
Transport From Hot (Gases Simulating in Composition the
Atmospheres of Mars and Venus. ATAA Journal, Vol. 2,
No. 3, March 196k4.

Menard, Wesley A.; and Thomas, George M.: Experimental
and Theoretical Study of Molecular, Continuum, and Line
Radiation From Planetary Atmospheres., AIAA Journal,
Vol. 6, No. 4, April 1968.

Gruszczynski, J. 5.; and Thomas, K. M.: Equilibrium and
Nonequilibrium Radiation in Simulated Planetary Atmos-
pheres. ATAA Paper No. 66-183, ATAA Plasmadynamics
Conference, Monterey, California, March 2-4, 1966.

Deacon, Howard Jr.; and Rumpel, William: Radiation
Heating Characteristics of Venus Entry. AAS Paper 68-8-6,
Space Projections From the Rocky Mountain Region, Brown
Palace Hotel, Denver, Colorado, July 15-16, 1968,

Nicolet, William E.: Advanced Methods for Calculating
Radiation Transport in Ablation~Product Contaminated
Boundary Layers. Aerotherm Corp. Final Report No. 69-61,
December 27, 1969.

Splegel, Joseph M.; Wolf, Fred; and Zeh, Dale W.: Simula-
tion of Venus Atmospheric Entry by Earth Reentry. ATAA
Paper No. 68-1148, ATAA Entry Vehicle Systems and Tech-
nology Meeting, Williamsburg, Virginia, December 3-5,
1968.

McKenzie, Robert L.; and Arnold, James O.: Experimental
and Theoretical Investigations of the Chemical Kinetics
and Nonequilibrium CN Radiation Behind Shock Waves in
COo-No Mixtures. ATAA Paper No. 67-322, ATAA Thermo-
physics Specialist Conference, New Orleans, Louisiana,
April 17-20, 1967. 705




(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

Jaworski, W.; and Nagler, R. G.: A Parametric Analysis
of Venus Entry Heat-Shield Requirements, JPL Technical
Report 32-1468, April 15, 1970.

Tauber, Michael E.: Atmospheric Entry into Jupiter.
J. Spacecraft, Vol. 6, No. 10, October 1969.

Spinrad, H.; and Trafton, L. M.: High Dispersion Spectra
of the Outer Planets. I. Jupiter in the Visual and Red.
Icarus, Vol. 2, pp. 19-28, 1963.

Beckman, J. E.: The Pressure at the Cloud Top and the
Abundance of Hydrogen in the Atmosphere of Jupiter.
Astrophysical Journal, Vol. 149, No. 2, 1967.

Scala, S. M.; and Gilbert, L. M.: Theory of Hypersonic
Laminar Stagnation Region Heat Transfer in Dissociating
Gases. R63SDYO, Gen. Elec. Space Sci. Lab., April 1963.

Pope, Ronald B.: Stagnation-Point Heat Transfer in
Arc-Heated Helium and Argon. ATAA Journal, Vol. 7,
No. 6, pp. 1159-1161, June 1969.

Stickford, G. H., Jr.; and Menard, W. A.: Bow Shock
Composition and Radiation Intensity Calculations for a
Ballistic Entry Into the Jovian Atmosphere. ATIAA Paper
No. 68-787, ATAA Third Thermophysics Conference,

Los Angeles, California, June 2k-26, 1968.

Nagler, Robert G.: A Systematic Review of Heat-Shield
Technology for Extraterrestrial Atmospheric Entry.
JPL Tech. Report 32-143%6, March 15, 1970.

Heister, N. K.; and Clark, C. F.: Feasibility of Standard
Evaluation Procedures for Ablating Materials, NASA
CR-379, 1966.

Beuf, ¥. G.; Katz, G. D.; and Kern, R. J.: Earth Flight
Test of Mars Entry Vehicles. J. Spacecraft, Vol. 3,
No. %, April 1966,

Kennet, Haim; and Taylor, Roy A.: Farth Reentry Simula-
tion of Planetary Entry Enviromment. J. Spacecraft,
Vol. 3, No. 4, April 1966.

Allen, H. Julian; and Eggers, A. J., Jr.: A Study of the
Motion and Aerodynamic Heating of Missiles Entering the
Farth's Atmosphere at High Supersonic Speeds, NACA

TN hob7, 1957.

796




16

TABLE l1-Planetary atmospheres

Mercury Mars Earth Venus Jupiter
Surface Pressure, atm 1x 1073 5x 1070 1 167 1 x 107
Surface Temperature, ° 200 130 288 770 2000
20
Tropopause Altitude, km 11 19 11 55 (above
cloud top)
Stkratosphere Temperature, K 122 100 217 220 86
Density Scale Height, n(®) 6 5 7.7% 6 18
Molecular Weight 40 Ll 29 LYokl 3.4
Composition Ar, 002 CO2 02, I\T2 002, N2 He, H2
Entry Velocities, km/sec 5-4(P) 4-8(B)  gpple)  qq5(b) 10-60(P)

(a)

b )Orbital to escape

Stratosphere

() orbital to planetary return




TABLE 2-Maximum heating rates, integrated heat loads, pressures, and shears for
sphere-cone vehicles entering the Martian atmosphere

862

Trajectory Stagnation Point Cone Edge Ref.
Entry M . . . .
Mode EEK Ve Ve % aR Qc Q’R P e 9 Q‘c Q’R T F
W -
£ aeg -S-(;k-‘é — -V-Jé- -J-E _‘% Atm ML _% __1; x 107%  Atm
cm cm cm cm cm cm cm cm cm m
D 5.5 21 5.8 68 5.5 3270 329 0.16 31 2.1 1hk80 132 < 0.5 — 60
D 5.5 21 5.8 125 6.0 2560 176 .41 57 2.5 1160 70 < .5 - 60
0 ko7 15.7 L6 26 N 2350 N .05 12 N 1060 N < .5 - 60
0 - 10.9 k.0 7.2 N - N .05 2.5 XN - N - 0.02 6L
0 - 1k1 L6 13 N — N O 410w - N - .0% 61
0 - 20 k6 27 N - N .22 9.1 N - N - 17 61
0 — 141 ke 17 N - N .07 5.7 - - - - .05 61
0 3.1 15 L6 18 N - N .01 - - — - - - 62
0 3.1 15 L6 34 N - N .03 - - - - - - 62
M3SR 31.0 21 10.7 785 510 - - .32 = - - - - — 62
D 3.1 90 7.0 176 18 90 77 .39 - - - - - - 63
D 3.1 38 7.0 1%6 9.1 2380 63 .22 3k 43 - - - - 63
D 3.1 20 7.0 91 2.3 3820 47 .10 23 43 - - - - 63
D Direct entry
0 Out of orbit entry
MSSR Mars surface sample return mission

N Negligible
- Data not available
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Table 3 -Maximum heating rates, integrated heat loads, pressures,and shears for
sphere-cone vehicles entering the atmosphere of Venus

Trajectory Stagnation Point Cone Edge Ref.
Ent M R . N N
ﬁog TE e A i, & 9 A p % G Q9 9 .
g W W _J J W W oL . N -2
- km L .. e - X 10
e deg Ssec e em®  em? e AR 2 o o om®  mP
VMF 9.k 45 13.% 4500 15450 - 7 - - - - - 89
D 9.k 45 12.2 2800 L4550 - - 6 - — - = - 89
0 b, b5 11.0 1480 398 — - 3 - - - - —- 89
0 9.k 45 11.1 2600 590 8180 1135 ~— 1820 1080 L4100 2260 - 80
VMF ko7 ko 13.4 2700 k4200 7500 6600 1.8 - - - - 33.0 69
D L7 k4o 11.6 1650 750 5400 1700 1.3 1870 738 3980 1250 24,0 69
0 ko7 ko 9.8 910 284 3520 910 1 - - - - 19.1 £9
D 5.4 35 11.6 1640 27 - - 3 1820 660 - - 24,0 €0
0 5.4 30 9.8 885 258 - - 1 955 193 - - 16.3 60
VMEF Venus-Mercury flyby
0 Out of orbit
D Direct entry

Data not avallable




Table 4 -Model atmospheres of Juplter
(compositions are in weight percent)

008

. Spinrad
Kulper Kuiper Oplk and Sanmple
Parameter Model Model Model Trafton Model
(a) (B) (0) Model (s)
(K)

E, % 78.25 38.78 2.3 60 44 .83
He % 21.65 60.94 97.2 36 5% .95
Ne % 0.07 - 0.39 3 0.22
CH, % 0.02 0.28 0.06 0.67 0.26
NH; % - - - 0.33 0.08
Ar ¢ 0.01 - 0.04 - . 0.01

™% OK 165 168 156 150 160
P* atm 24 2 11 2.8 5.5
H* km 21.45 16.41 12.27 1%.05 16.12

*At top of cloud layer (from ref. 56)
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Figure 18.- Jovian cloud layers proposed by Gallet overlying
Jovian interior by Peebles (from Ref. ST7).
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Figure 19.~ Maximum heating rates and stagnation pressures for
conical body during shallow ballistic entry; (a) stagnation
point (ablating nose), (b) flank {at 0.7 of length point).

(From Ref. 83.)
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Figure 20.~ Comparison of typical shock layer spectra for
Jovian and Earth entries.
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Figure 21.- Schematic of ground test facility.
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Figure 22.- Ground facility test capabilities.

10° -
JUPITER (He,Hz)
al VENUS (CO2, No)
10
€0z AIR (NO ABLATION PROD.)

SPECTRAL AIR (WITH ABL. PROD.)

LASER
nux. 103. VTRUBY LASER

WicmZeV
102
AP / PZd
B3 N ORI
L \\ \’ \ \\ <
100 [ L 4 hN ! i

PHOTON ENERGY, eV
Figure 23.- Comparison of typical shock-layer spectra for
Varius planetary atmospheres with spectra for ground
test radiation sources.
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